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INTRODUCTION* 

The system c a p a b i l i t y  of Skylab I f o r  t h e  suppor t  
of a proposed set  of e a r t h  r e sources  experiments has  been 
summarized f o r  the Program Director and o t h e r s  (1, 2 ) .  

The memoranda c o l l a t e d  h e r e  r e p o r t  t h e  t e c h n i c a l  
work on which t h e  summary r e p o r t s  w e r e  based. An a d d i t i o n a l  
r e f e r e n c e  ( 3 )  suppor t s  summary ( 2 )  . I 
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A B S T R A C T  

This paper  i s  concerned w i t h  t h e  impact on t h e  Sa tu rn  
V Workshop a t t i t u d e  c o n t r o l  s y s t e m s  o f  acqu i r ing  and hold ing  an 
Ear th-poin t ing  a t t i t u d e .  Three d i f f e r e n t  methods of  a c q u i r i n g  
t h i s  a t t i t u d e  from t h e  s o l a r  i n e r t i a l  a t t i t u d e  are d iscussed .  
The pr imary p r a c t i c a l  r e s u l t s  a r e :  

1. The CMGs have t h e  c a p a b i l i t y  t o  s t a b i l i z e  t h e  Workshop 
i n  t h e  XIOP/Z-LV mode (X-axis i n  t h e  o r b i t a l  p l a n e ,  
Z-axis a long t h e  l o c a l  ver t icai) .  

- - 
- - - 

2 .  The maneuvers r equ i r ed  t o  a c q u i r e  t h i s  Ear th-poin t ing  
a t t i t u d e  can be performed by t h e  CMGs on ly  i f  t h e  RCSl 
i s  used t o  d e s a t u r a t e  ( o r  dump) t h e  b i a s  momentum which 
accumulates i n  t h e  CMGs. 

These r e s u l t s  (wh ich  are based on t h e  v a r i a t i o n  of  t h e  
r e s u l t a n t  CMG angular  m o m e n t u m  vector) l e a d  t o  t h e  conclus ion  
t h a t  t h e  CMGs could be t h e  primary c o n t r o l  system i n  XIOP/Z-LV 
wi th  t h e  RCS used only  f o r  dumping. This  c o n t r o l  o p t i o n  can  
perform Ear th-poin t ing  a t t i t u d e  c o n t r o l  of  t h e  Workshop f o r  less 
than  20% of  t h e  p r o p e l l a n t  which would be r equ i r ed  i f  a t t i t u d e  
c o n t r o l  w e r e  performed by RCS a lone .  

There i s ,  i n  a d d i t i o n ,  t h e  impor tan t  t e c h n i c a l  r e s u l t  
t h a t  an accumulation of b i a s  momentum i n  t h e  CMGs as a r e s u l t  
of  a c o n s t a n t  e x t e r n a l  t o rque  can occur  only  about  t h e  s p i n  a x i s  
( i n  t h i s  c a s e ,  t h e  a x i s  which is pe rpend icu la r  t o  t h e  o r b i t a l  
p l a n e ) .  
c r a f t  a x i s  which i s  i n  t h e  plane pe rpend icu la r  t o  t h e  s p i n  a x i s  

I t  i s  shown t h a t  a cons t an t  t o rque  app l i ed  about a space- 

'RCS denotes  h e r e  a gene r i c  r e a c t i o n  c o n t r o l  system which 
on t h e  AAP C l u s t e r  can be e i t h e r  Fhe TACS on t h e  S ~ S  or  t h e  RCS 
on t h e  CSM. 



w i l l  produce a p e r i o d i c  momentum change i n  t h e  CMGs. This  r e s u l t  
i s  e s p e c i a l l y  impor tan t  f o r  t h e  example which i s  cons idered  i n  
t h i s  paper  s i n c e  t h e  important d i s t u r b a n c e  to rques  a c t i n g  on an 
Ear th-poin t ing  s a t e l l i t e  a r e  c o n s t a n t  r e l a t i v e  t o  t h e  s p a c e c r a f t .  

F i n a l l y ,  it i s  shown t h a t  t h e  momentum which does accumu- 
l a te  i n  t h e  CMGs due t o  t h e  torque  about t h e  s p i n  axis can be 
dumped e i t h e r  wi th  an RCS or by performing v e h i c l e  maneuvers on 
t h e  dark  side of t h e  orb i t .  
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TM-70-1022-2 

TECHNICAL MEMORANDUM 

INTRODUCTION 

T h i s  paper  i s  concerned wi th  t h e  impact on t h e  Sa tu rn  
V Workshop (SVWS) a t t i t u d e  c o n t r o l  systems of a c q u i r i n g  and 
hold ing  an Ear th-poin t ing  a t t i t u d e .  Three d i f f e r e n t  methods of  
a c q u i r i n g  t h i s  a t t i t u d e  from t h e  s o l a r  i n e r t i a l  ( S I )  a t t i t u d e  
are d iscussed .  These a t t i t u d e  (or a c q u i s i t i o n )  o p t i o n s  are: 

A 0 1 .  Noon a c q u i s i t i o n  of o r b i t a l  ra te ,  

A 0 2 .  Midnight a c q u i s i t i o n  of o r b i t a l  ra te  wi th  preceding  
r o l l  maneuver, and 

A03. Ear th-poin t ing  a c q u i s i t i o n  immediately preceding 
experiment zone. 

I n  a d d i t i o n ,  f o u r  d i f f e r e n t  c o n t r o l  o p t i o n s  (CO) are considered.  
They a r e :  

CO1.  Control  moment gyros (CMGs) f o r  a c q u i s i t i o n ,  s t a b i l i -  
z a t i o n  and momentum dumping. 

C02.  Reaction c o n t r o l  system (RCS)’ f o r  a c q u i s i t i o n  and 
s t a b i l i z a t i o n .  

C03. CMGs f o r  a c q u i s i t i o n  and s t a b i l i z a t i o n ;  RCS fo r  
momentum dumping. 

C04.  CMGs f o r  s t a b i l i z a t i o n ;  RCS fo r  a c q u i s i t i o n  and 
momentum dumping. 

The primary p r a c t i c a l  r e s u l t s  a r e  t h e  fol lowing:  

1. I f  t h e  CMGs have t h e  c a p a b i l i t y  t o  s t a b i l i z e  a given 
i n e r t i a l  a t t i t u d e ,  then,  wi th  proper  i n i t i a l i z a t i o n ,  
they  have t h e  c a p a b i l i t y  t o  s t a b i l i z e  t h e  corresponding 

’In t h i s  paper  RCS w i l l  be used t o  denote  both  t h e  TACS and 
t h e  r e a c t i o n  c o n t r o l  system of t h e  CSM. 
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1 Ear th-poin t ing  a t t i t u d e .  

2 .  The maneuvers r equ i r ed  t o  acqu i re  an Ear th-poin t ing  
a t t i t u d e  can be performed by t h e  CMGs on ly  i f  some 
a s s i s t a n c e  i s  provided by t h e  RCS f o r  dumping t h e  
b i a s  momentum accumulated by t h e  CMGs. 

These r e s u l t s  are based on an a n a l y s i s  of t h e  v a r i a t i o n  of t h e  
components of t h e  t o t a l  CMG angu la r  momentum v e c t o r ,  n o t  on t h e  
d e t a i l s  of gimbal ang le  motion. 

There i s ,  i n  a d d i t i o n ,  t h e  important  t e c h n i c a l  r e s u l t  
t h a t  an accumulation of b i a s  momentum i n  t h e  CMGs a s  a r e s u l t  
of a c o n s t a n t  e x t e r n a l  torque can occur  only  about an a x i s  per- 
pend icu la r  t o  t h e  o r b i t a l  p lane .  I t  i s  shown t h a t  a 
c o n s t a n t  t o r q u e  a p p l i e d  about a s p a c e c r a f t  a x i s  which l i es  i n  
t h e  o r b i t a l  p l ane  produces an o s c i l l a t i n g  momentum change. Some 
b i a s  accumulation i s  p o s s i b l e  due t o  t h e  d i u r n a l  bu lge  effect  
i n  t h e  atmosphere b u t  t h i s  is shown t o  be q u i t e  s m a l l .  

The o rgan iza t ion  of t h i s  mater ia l  i s  as follows: I n  
Sec t ion  I1 a detai led a n a l y s i s  of t h e  c a p a b i l i t y  of t h e  CMGS t o  
s t a b i l i z e  an Ear th-poin t ing  a t t i t u d e  i s  presented ;  Sec t ion  I11 
c o n t a i n s  an e v a l u a t i o n  of t h e  va r ious  a t t i t u d e  and c o n t r o l  op- 
t i o n s ;  and S e c t i o n  I V  i s  reserved for  some concluding comments. 

11. ATTITUDE HOLD OF AN EARTH-POINTING ORIENTATION W I T H  CMGS 

The equa t ions  of motion r e l a t i v e  t o  a set  of coord ina te s  
which are f i x e d  i n  a s p a c e c r a f t  con ta in ing  CMGs i s  given by 

where: I = t h e  3 x 3 i n e r t i a  t e n s o r ,  

w = a 3 x 1 mat r ix  r e p r e s e n t i n g  t h e  angular  v e l o c i t y  
of t h e  s p a c e c r a f t  r e l a t i v e  t o  a se t  of i n e r t i a l  
coo rd ina te s ,  

'L 
w = t h e  3 x 3 skew-symmetric ma t r ix  which i s  isomorphic 

t o  t h e  v e c t o r  cross-product  o p e r a t o r ,  

'An Ear th-poin t ing  coord ina te  system i s  de f ined  t o  correspond 
t o  an i n e r t i a l  coo rd ina te  system i f  t hey  d i f f e r  on ly  by an angu la r  
displacement  about an a x i s  which i s  pe rpend icu la r  t o  t h e  o r b i t a l  
p lane .  T h i s  displacement  is given by w o t  where wo equa l s  t h e  

o r b i t a l  rate and t is  t h e  v a r i a b l e  r e p r e s e n t i n g  t i m e .  



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
1 
I 
I 
I 
I 
I 
I 

m 

BELLCOMM, INC.  -3- 

- N = a 3 x 1 m a t r i x  r e p r e s e n t i n g  t h e  t o t a l  e x t e r n a l  
t o rque  v e c t o r  a c t i n g  on t h e  s p a c e c r a f t ,  and 

- H = a 3 x 1 m a t r i x  which r e p r e s e n t s  t h e  v e c t o r  sum of 
t h e  i n d i v i d u a l  s p i n  angu la r  momenta c o n t r i b u t e d  
by each CMG. T h a t  i s ,  f o r  a system con ta in ing  n 
CMGs w i t h  t h e  s p i n  angu la r  momentum of t h e  
ith CMG given by hi, 

i=l 

The d o t s  over  and H i n  (1) denote  t h e  t i m e  r a t e  of change of 
t h o s e  v e c t o r s  a s  measured i n  a set  of c o o r d i n a t e s  f i x e d  i n  t h e  
s p a c e c r a f t .  

For t h e  purpose of  i n v e s t i g a t i n g  t h e  a t t i t u d e - h o l d  
momentum requirements  on t h e  CMGs of  an Ear th-poin t ing  space- 
c r a f t  i n  a c i r c u l a r  o r b i t ,  l e t  

( 3 )  + A w  - w = %  - 

where % i s  t h e  c o n s t a n t  o r b i t a l  r a t e  about  t h e  a x i s  which i s  
pe rpend icu la r  t o  t h e  o r b i t a l  p l a n e  (and which w i l l  be c a l l e d  
t h e  POP a x i s ) .  S u b s t i t u t i o n  of ( 3 )  i n t o  (1) y i e l d s  

( 4 )  I A ;  + ( : o + A : ) I ( ~  + A w )  + + (:o+A:)g = N - . 
-0 -  - 

The assumption i s  now made t h a t  t h e  CMG c o n t r o l  system i s  capable  
of ma in ta in ing  t h e  a c t u a l  s t a t e  of  t h e  system i d e n t i c a l l y  equa l  
t o  t h e  d e s i r e d  s t a t e .  Then, & = - 0 and ( 4 )  becomes 

(5) 
A 'L fI + H = N - w I w  = T .  

0-0 - - 0- - 
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This  assumption i s  c e r t a i n l y  j u s t i f i e d  f o r  t h e  de te rmina t ion  of  
t h e  CMG momentum c a p a c i t y  which w i l l  be r equ i r ed  t o  s t a b i l i z e  
a p a r t i c u l a r  a t t i t u d e .  The neglec ted  terms a r e  merely pe r tu rba -  
t i o n s  [l] from t h e  s o l u t i o n  of ( 5 ) .  

S ince  % i s  cons t an t ,  (5 )  i s  a l i n e a r ,  t ime- inva r i an t ,  
vector d i f f e r e n t i a l  equat ion  which can  be so lved  (e.g. by Laplace 
t r ans fo rm)  once t h e  e x t e r n a l  to rques  a r e  de f ined .  Before t h i s  
i s  done, however, t w o  coord ina te  systems w i l l  be def ined .  

The o rb i t - r e fe renced  coord ina te  system (ORS)  i s  
s p e c i f i e d  by axes Xo,  Yo, and Zo  which a r e  de f ined  a s  fo l lows:  

Yo - perpend icu la r  t o  t h e  o r b i t a l  p lane  (POP) ;  
p o s i t i v e l y  d i r e c t e d  t o  Fake an a c u t e  angle  
wi th  t h e  e c l i p t i c  North Po le ,  

- along t h e  l o c a l  ve r t i ca l ;  p o s i t i v e l y  d i r e c t e d  
towards t h e  geocenter ,  zO 

xO 
completes t h e  or thogonal  r i g h t  t r i a d .  

The geometr ic  coord ina te  system ( G S )  i s  de f ined  i n  
F igu re  1. N o t e  t h a t  when the  GS i s  a l i g n e d  wi th  t h e  ORS t h e  
s p a c e c r a f t  i s  i n  t h e  X I O P / Z - L V l  a t t i t u d e  mode. 

Equation (5 )  w i l l  be so lved  i n  t h e  O R s .  For t h e  case 
where t h e  G S  is  a l i g n e d  w i t h  t h e  O R s ,  t h e  s o l u t i o n s  w i l l  y i e l d  
t h e  r e q u i r e d  CMG momentum v a r i a t i o n  r e l a t i v e  t o  s p a c e c r a f t  
coo rd ina te s .  When t h e s e  systems a r e  n o t  a l i g n e d ,  e.g.  i f  t hey  
d i f f e r  by a cons t an t  X-axis t r ans fo rma t ion ,  t h e  s o l u t i o n  of  (5)  
must be t ransformed i n t o  t h e  GS.  

Re la t ive  t o  t h e  ORS t h e n ,  t h e  t r anspose  of % i s  g iven  
by %' = [O w 01 and t h e  expanded and t ransformed v e r s i o n  of 
(5 )  f o r  a r b i t r a r y  - T ( t )  i s  given by 

0 

+ + H x ( O + )  

s H y ( s )  = T ( s )  + H (O+) 
Y Y 

- u o H x ( s )  + s H Z ( s )  = T Z ( s )  + H Z ( O + )  

'X-axis i n  t h e  o r b i t a l  p l ane ,  Z-axis a long loca l  ver t ica l .  
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where t i s  t h e  t i m e  v a r i a b l e  and t h e  i n i t i a l  t i m e ,  tor i s  taken  
e q u a l  t o  zero.  Notice t h a t  t h e  Y-axis equat ion  e x h i b i t s  t h e  
behavior  t h a t  i s  expected when t h e  CMGs hold an i n e r t i a l  a t t i -  
tude .  That  i s ,  t h e  momentum change about  a g iven  a x i s  i s  e q u a l  
t o  t h e  i n t e g r a l  over  t i m e  of the  to rque  which i s  a c t i n g  about  
t h a t  a x i s .  T h i s  i s  because t h e  Y-axis i s  t h e  a x i s  of  r o t a t i o n  
and is  f i x e d  re la t ive  t o  a s e t  of i n e r t i a l  coord ina tes .  On t h e  
other hand, t h e  equa t ions  f o r  t h e  momentum v a r i a t i o n  about t h e  
axes which l i e  i n  t h e  o r b i t a l  p l ane  are coupled. T h e  s imul ta -  
neous s o l u t i o n  of  these equat ions  l e a d s  t o  t h e  character is t ic  
equa t ion  s2  + w = 0 which impl i e s  t h a t  t h e  n a t u r a l  response 
of t h i s  system i s  an undamped o s c i l l a t i o n  of angular  frequency 

0 

w .  
0 

These g e n e r a l  p r i n c i p l e s  are now app l i ed  t o  t h e  problem 
of hold ing  t h e  SVWS i n  XIOP/Z-LV and acted upon by g r a v i t y -  
g r a d i e n t  torques. '  
a non-diagonal i n e r t i a  t enso r  f o r  t he  Workshop. That i s ,  t h e  
geometric axes w i l l  be kep t  XIOP/Z-LV i n s t e a d  of  t h e  p r i n c i p a l  
axes.  The g rav i ty -g rad ien t  t o rque  f o r  t h i s  problem i s  c o n s t a n t  
under t h e  assumptions made above as are t h e  effects of t h e  

w Iw t e r m .  A t i m e  domain s o l u t i o n  of ( 5 )  under these circum- 
s t a n c e s  i s  given by 

The problem i s  made n o n - t r i v i a l  by assuming 

'L 

0-0 

+ TZ/uo]  cos 

( 7 )  

- [ H ~ ( o + )  - T ~ / W ~ ]  s i n  u o t }  

H y ( t )  = H (O+) + ,'. Y d t  

H Z ( t )  = {Tx/wo + [ H Z ( O + )  - Tx/uol COS w o t  

Y 
0 

+ [ H x ( O + )  + TZ/wo1 s i n  w o t }  

'Since t h e  CMGs c a n  hold t h e  s p a c e c r a f t ' s  a t t i t u d e  very  
close t o  t h e  nominal XIOP/Z-LV, t h e  end of  t h e  c y l i n d e r  i s  
po in ted  i n t o  t h e  "wind" as a r e  t h e  edges of t h e  solar  pane l s .  
Using t h e  mass p r o p e r t i e s  given i n  [ 2 ] ,  t h e  b i a s  momentum accumu- 
l a t i o n  i n  t h e  CMGs due t o  aerodynamic e f f e c t s  i s  conse rva t ive ly  
estimated t o  be 35 f t - l b - sec /o rb i t .  
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I i j ;  i , j  = x ,y , z  are t h e  a p p r o p r i a t e  e lements  of the  

i n e r t i a  t enso r .  

N o t e  t h a t  t h e  o s c i l l a t o r y  terms i n  t h e  equa t ions  f o r  Hx and HZ 

can be e l imina ted  by a proper  choice of H x ( O + )  and HZ (O+) . ' I2 

F u r t h e r ,  no te  t h a t  t h e  i n i t i a l  t i m e  to could have been chosen 
a r b i t r a r i l y ,  t h a t  i s  t h e  O+ r e fe rence  i n  t h i s  problem i s  n o t  
r e l a t e d  t o  any o r b i t a l  t i m e .  Therefore ,  f o r  example, t h e  t i m e  
of  f i r i n g  of a set of t h r u s t e r s  which produce an almost impulsive 
to rque  would be an appropr i a t e  choice  f o r  to. 

r e p r e s e n t s  t h e  SvWS i n  t h e  XIOP/Z-LV o r i e n t a t i o n  and i n  a 235 
n a u t i c a l  m i l e  c i r c u l a r  o r b i t  are [ 2 1  

Some r e p r e s e n t a t i v e  numbers f o r  equa t ion  ( 7 )  as it 

= 86 ft-lb-sec Tx/Wo 

TZ/wo 1 .5  f t - l b - sec  

2 4 w o  
T d t  2 4,645 f t - lb - sec  i y  

Unfor tuna te ly ,  t h e  effect  of an unusual ly  large Ixz t e r m  appears  
about  t h e  a x i s  of  r o t a t i o n  which means t h a t  4,645 f t - lb - sec  o f  
momentum must be dumped p e r  o r b i t .  I t  i s  shown i n  Appendix A 
t h a t  t h i s  dumping can be achieved by the g rav i ty -g rad ien t  t o rque  
if a s i n g l e - a x i s  maneuver i s  pe rmi t t ed  on t h e  dark  s i d e  o f  t h e  
o rb i t .  For t h e  AAP Ear th-poin t ing  modes, however, there are good 
arguments f o r  u s ing  RCS t h r u s t  f o r  dumping (See Table 1 i n  9 2 ) .  

'This  i s  n o t  used,  however, i n  t h e  example p re sen ted  i n  t h i s  

2 A l s o ,  no te  t h a t ,  s i n c e  t h e  p o s i t i o n  o f  H re la t ive  t o  space- 
paper.  

craft  coord ina te s  can be  v a r i e d  t o  produce a s p e c i f i e d  to rque ,  
t h e  s o l u t i o n  of (5)  when T = - 0 must be - H = - 0 t o  avoid need le s s  
gimbal motion. 

- 
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An a l t e r n a t e  method of reducing  t h e  large,  Y-axis 
b i a s  momentum accumulation i s  t o  hold an a t t i t u d e  which d i f f e r s  
on ly  by a s m a l l ,  Y-axis r o t a t i o n ,  8 ,  from XIOP/Z-LV. T h e  
g r a v i t y - g r a d i e n t  t o rque  

2 
%g = 1-5wo 

€or t h i s  cond i t ion  is  g iven  by 

I s i n  2 8  - I (l+cos 2 8 )  
XY Y Z  

) s i n  2 8  + 21xz cos 2 8  (lzz-lxx 

I (1-cos 2 8 )  - I s i n  2 8  
XY Y Z  

The Y component o f  t h i s  express ion  i s  n u l l e d  when 8 = - 4 . 4  
degrees f o r  the  SVWS. T h i s  is  the  ang le  which removes the  X-axis 
component ( i n  t h e  O R s )  of the v e c t o r  Iazo 
v e c t o r  a long  t h e  local  v e r t i c a l  ( t h e  -Zo  a x i s  i n  t h e  ORS). 
s i g n i f i c a n t  i n c r e a s e  i n  t h e  momentum requirement  about  the  X and 
Z axes  of t h e  G S  i s  caused by t h i s  r o t a t i o n .  

where azo is  a u n i t  

No 

111. AAP APPLICATIONS 

T h e  e s t ab l i shmen t  of t h e  mathematical  model f o r  the  
momentum requirements  of the  CMGs of t h e  SVWS fo r  ho ld ing  a 
local v e r t i c a l  a t t i t u d e  enables  an e v a l u a t i o n  of  v a r i o u s  p o s s i b l e  
o p t i o n s  for  performing Earth r e s o u r c e s  experiments .  A s  mentioned 
i n  § I ,  three a t t i t u d e  opt ions  and f o u r  c o n t r o l  o p t i o n s  w e r e  
s t u d i e d .  The r e s u l t s  are presented  i n  m a t r i x  form i n  Table 1 
and p resen ted  i n  more de t a i l  i n  t h e  seque l .  

of t h e  l o c a l  ve r t i ca l  a t t i t u d e ,  i s  cons idered  because it i s  
eas ies t  t o  perform f r o m  a c o n t r o l  system s t andpo in t .  
found t h a t  t h e  thermal  and power systems could wi ths t and  t w o  o r  
more consecu t ive  o r b i t s  of t h e  XIOP/Z-LV a t t i t u d e ,  t hen  t h i s  
o p t i o n  would be worthy of cons ide ra t ion .  The p r i n c i p a l  r e s u l t s  
are : 

The f i r s t  a t t i t u d e  o p t i o n  ( A O l ) ,  t h e  noon a c q u i s i t i o n  

I f  it w e r e  

1. A 0 1  could be accomplished by t h r e e  CMGs w i thou t  any 
RCS assist (CO1). This  inc ludes  t h e  g r a v i t y - g r a d i e n t  
dump maneuver descr ibed  i n  Appendix A which i s  per- 
formed on t h e  dark s i d e  of t h e  o r b i t .  T h i s  i s  i l l u s -  
t r a t e d  i n  F igure  2 .  The peak-to-peak (PTP) v a r i a t i o n  
i n  IHI - i s  7550 f t - l b - s e c  when only  t h e  g r a v i t y - g r a d i e n t  

'Recall t h a t ,  us ing  t h i s  n o t a t i o n ,  t h e  g r a v i t y - g r a d i e n t  
2 %  = 3w0 a 

ZO1%O' 
t o r q u e  i s  given by N 

9 9  
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t o rque  i s  considered. Hence, t h i s  c o n t r o l  o p t i o n  
would be impossible  i f  one of t h e  CMGs w e r e  d i sab led .  

2 .  

3. 

4. 

The p r o p e l l a n t  consumption e s t i m a t e  f o r  A01 i f  RCS 
c o n t r o l  i s  used exc lus ive ly  ( C 0 2 )  i s  approximately 
1 , 0 0 0  lb-sec/orbit  f o r  one o r b i t .  This  i n c l u d e s  an 
e x t r a  80 lb-sec t o  account f o r  t h e  e f f e c t s  of t h e  
aerodynamic to rque  and o t h e r  cont ingencies .  

I f ,  i n s t e a d  of t h e  g rav i ty -g rad ien t  dump maneuver i n  
CO1, t h e  dumping i s  done by t h e  RCS ( C 0 3 ) ,  t hen  t h e  
rest of A 0 1  could be performed w i t h  2 CMGs. The 
p r o p e l l a n t  requirement e s t i m a t e  fo r  C 0 3  i s  200 lb-sec 
o r b i t .  This  i nc ludes  an e s t i m a t e  f o r  i n i t i a l i z i n g  
t h e  momentum vector such t h a t  t h e  t o t a l  change i n  \ H I  
i s  m i n i m i z e d .  I f  t h i s  is  done t h e  PTP change i n  I H T  - 
i s  approximately 4,800 f t - lb -sec .  

S ince  m o s t  of t h e  RCS p r o p e l l a n t  i n  C 0 2  i s  r e q u i r e d  
f o r  maneuvering, C04  is  r e l a t i v e l y  u n a t t r a c t i v e .  About 
200  l b - sec /o rb i t  of p r o p e l l a n t  could be saved by hold- 
i n g  a t t i t u d e  wi th  CMGs b u t  800# sec/orbit  would s t i l l  
be r equ i r ed .  

A t t i t u d e  o p t i o n  2 ( A 0 2 )  i s  i l l u s t r a t e d  i n  F igure  3. 
The local  v e r t i c a l  a t t i t u d e  is acqui red  s e q u e n t i a l l y .  F i r s t ,  
a r o l l  maneuver i s  i n i t i a t e d  a t  t h e  s u n s e t  t e rmina to r  t o  a l i g n  
t h e  experiment window w i t h  t h e  l o c a l  v e r t i c a l  a t  midnight where 
t h e  r o l l  r a t e  i s  removed and t h e  o r b i t a l  r a t e  i s  i n i t i a t e d  
about  t h e  p i t c h  ( Y )  a x i s .  Then, t h e  s p a c e c r a f t  s t a y s  i n  a l o c a l  
ver t ica l  a t t i t u d e  f o r  one f u l l  o r b i t  o r  u n t i l  t h e  midnight  follow- 
i n g  a c q u i s i t i o n  a t  which t i m e  t h e  o r b i t a l  ra te  i s  removed and 
t h e  r e t u r n  r o l l  maneuver rake i n i t i a t e d .  F i n a l l y ,  t h e  r o l l  ra te  
i s  removed a t  t h e  s u n r i s e  te rmina tor .  This  a t t i t u d e  r e q u i r e s  
more c o n t r o l  e f f o r t  b u t  allows a longe r  experiment i n t e r v a l  f o r  
t h e  same d u r a t i o n  i n  t h e  l o c a l  v e r t i c a l  a t t i t u d e .  The r e s u l t s  
ob ta ined  by cons ide r ing  t h e  cost  of A02 w i th  each of  t h e  c o n t r o l  
o p t i o n s  are as fol lows:  

1. Figure  4 i l l u s t r a t e s  t h e  v a r i a t i o n  of  t h e  x ,  y and z 
components of H measured i n  s p a c e c r a f t  coo rd ina te s  
over  t h e  s o l a r - i n e r t i a l  a t t i t u d e  and through a l l  t h e  
s t e p s  of A02 .  Since t h e  dark side r o l l  maneuver does 
n o t  i nc lude  a g rav i ty -g rad ien t  dump maneuver, t h e  Y 
a x i s  accumulates momentum because of  t h e  b ias  g r a v i t y -  
g r a d i e n t  t o rque  mentioned i n  SII. This  produces a 
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2. 

3. 

4 .  

6.  This 

l a r g e  t r a n s i e n t  e f f e c t '  i n  t h e  Y and Z axes  du r ing  t h e  
r e t u r n  r o l l  maneuver. The combination of these two 
e f f e c t s  r e s u l t s  i n  a momentum requirement  t h a t  exceeds 
t h e  c a p a c i t y  of t h e  CMGs (+6,000 f t - l b - s e c ) .  Thus, 
wi thout  any RCS a s s i s t ,  t h i s  combination of o p t i o n s  i s  
n o t  cons idered  f e a s i b l e  u n l e s s  t h e  nominal a t t i t u d e  in -  
c ludes  t h e  4 . 4  degree o f f s e t  mentioned i n  §II. 

I f  t h e  same 80 lb-sec estimate f o r  aerodynamic to rque  
and o t h e r  cont ingencies  i s  inc luded  f o r  t h e  A02-CO2 
combination a s  it was f o r  A01-CO2, t hen  t h e  p r o p e l l a n t  
consumption is  1 , 1 6 0  l b - s e c / o r b i t  f o r  one o r b i t .  

Figure 5 i l l u s t r a t e s  t h e  v a r i a t i o n  of t h e  x ,  y and z 
components of  H r e l a t i v e  t o  s p a c e c r a f t  coo rd ina te s  i f  
3,891 f t - l b - s e c  of Y-axis momentum i s  dumped immediate- 
l y  a f t e r  a c q u i s i t i o n  of  t h e  o r b i t a l  ra te .  This  p r o f i l e  
costs 120 lb-sec of p r o p e l l a n t / o r b i t .  Another 65  lb-sec 
of p r o p e l l a n t  could,  i f  j u d i c i o u s l y  a p p l i e d ,  reduce t h e  
v a r i a t i o n  o f  t h e  x and z components of  H t o  an i n s i g n i f -  
i c a n t  level .  - 

A s  i n  t h e  A01-CO4 combination, A02-CO4 saves  200  lb-sec 
r e l a t i v e  t o  t h e i r  corresponding c o n t r o l  o p t i o n ,  i .e.  C02.  
S ince  t h e  CMGs a r e  capable  of performing A 0 1  and A 0 2  
wi th  less RCS assist it i s  i n e f f i c i e n t  t o  use  them 
only f o r  a t t i t u d e  hold. 

The t h i r d  a t t i t u d e  opt ion  (A03) i s  i l l u s t r a t e d  i n  F igure  
i s  t h e  b e s t  o p t i o n  f o r  t h e  thermal  and power systems 

b u t  has  t h e  most severe impact on t h e  a t t i t u d e  c o n t r o l  systems. 
The numbers given below f o r  t h e  va r ious  c o n t r o l  o p t i o n s  a s s o c i a t e d  
w i t h  A03 correspond t o  a 60 degree experiment i n t e r v a l .  I f  t h i s  
i n t e r v a l  i s  i n c r e a s e d  t o  1 2 0  d e g r e e s , t h e  impact on t h e  c o n t r o l l e r  
i n c r e a s e s  by a f a c t o r  of  1 . 6  and t h e  r o l l  maneuver must be 
i n i t i a t e d  a t  t h e  t e r m i n a t o r  i n s t e a d  of o r b i t a l  6 a .m.  F u r t h e r ,  
s i n c e  t h e  t i m e  i n  l o c a l  v e r t i c a l  i s  r e l a t i v e l y  s m a l l ,  on ly  con- 
t r o l  o p t i o n s  C O 1  and C02 are cons idered .  

If 80 lb -sec  i s  added f o r  con t inqenc ie s ,  t h e  pro- 
p e l l a n t  consumption e s t i m a t e  f o r  A03-CO2 i s  1310 lb - sec /o rb i t .  

'The p r i n c i p l e s  which were o u t l i n e d  i n  §I1 can be g e n e r a l i z e d  
t o  provide  a mathematical  model f o r  t h e  r o l l  maneuver s i n c e  it 
invo lves  sp inning  a t  a cons t an t  ra te  about  a s p a c e c r a f t  a x i s .  
S ince  t h e  X a x i s  i s  now t h e  s p i n  a x i s ,  there i s  coupl ing between 
t h e  Y and Z a x i s  motions.  

v a r i a t i o n  of  t h e  CMGs. 
2That i s ,  t h e  f u e l  consumption of  t h e  RCS o r  t h e  momentum 
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This  i s  only 150 lb-sec  more than  t h e  c o s t  of  A02-C02. There- 
f o r e ,  i f  a 60 degree experiment i n t e r v a l  i s  s a t i s f a c t o r y ,  t h e  
requirements  imposed by t h e  thermal and power systems might 
d i c t a t e  t h e  cho ice  of  A03-CO2 r a t h e r  t han  A02-C02.  

F i n a l l y ,  i t  i s  easy  t o  show t h a t  A03 cannot  be per-  
formed us ing  only  CMG c o n t r o l  ( i .e .  C O 1 ) .  The primary problem 
i s  t h a t ,  even though t h e  r equ i r ed  ra te  f o r  t h e  maneuver from 
a t o  0 i n  F igure  6 i s  only t h e  nega t ive  of  t h e  o r b i t a l  rate 
( . 0 6 2  deg / sec ) ,  t h e  requi red  change i n  momentum t o  remove t h i s  
r a t e  and i n i t i a t e  t h e  o r b i t a l  ra te ,  wo, f o r  l o c a l  ve r t i ca l  
a c q u i s i t i o n  (a ra te  change equal  t o  2w ) i s  approximately 8 , 0 0 0  

f t - l b - sec .  S ince  t h e  r eve r se  maneuver must be performed a t  @ 
i n  F igu re  6 ( i .e .  a AHv = - 8 , 0 0 0  f t - l b - s e c ) ,  t h e  t o t a l  r e q u i r e d  

0 

1 

change i s  seen  t o  exceed t h e  
SVWS CMGs. 

I V .  SUMMARY AND CONCLUSIONS 

I t  i s  concluded from 
t h a t  t h e  CMGs may be used t o  

5 6 , 0 0 0  f t - l b - sec  c a p a c i t y  of  t h e  

t h e  r e s u l t s  summarized i n  Table 1 
qood advantage t o  minimize t h e  

amount of RCS p r o p e l l a n t  r equ i r ed  t o  perform t h e  Ear th-poin t ing  
experiments.  I n  f a c t ,  t h e  CMGs could be t h e  primary system 
which r e q u i r e s  only an occas iona l  assist  from t h e  RCS. 

Another p o i n t  which should be made h e r e  i s  t h a t  t h e  
momentum p r o f i l e  i l l u s t r a t e d  i n  F igure  5 can be achieved i n  
such a way t h a t  t h e  gimbals of t h e  CMGs remain away from t h e i r  
s t o p s .  F u r t h e r ,  t h i s  momentum p r o f i l e  can be achieved wi th  
e i t h e r  t w o  o r  t h r e e  CMGs as long as some form of  momentum dwnp- 
i n g  s t r a t e g y  i s  a v a i l a b l e .  
c o n t r o l  l a w  which i s  s e l e c t e d  f o r  c o n t r o l l i n g  t h e  SVWS i n  t h e  
s o l a r  i n e r t i a l  mode w i l l  a l s o  be accep tab le  f o r  c o n t r o l  i n  an 
Ear th-poin t ing  mode i s  p r e s e n t l y  be ing  s t u d i e d .  

The q u e s t i o n  of whether o r  n o t  t h e  

There is  ano the r  reason f o r  p r e f e r r i n g  C03 t o  C 0 2  w i th  
e i t h e r  A 0 1  o r  A02. That i s ,  t h e  CMGs can c o n t r o l  t h e  s p a c e c r a f t  
a t t i t u d e  much more accu ra t e ly  than  an RCS whose c o n t r o l  law 
r e q u i r e s  ( a t  p r e s e n t )  a 0 .5  degree  deadband. This means, i n  
t u r n ,  tkat  t h e  E a r t h  Resources Experiments can be po in ted  wi th  
b e t t e r  accuracy. 

F i n a l l y ,  some important  t e c h n i c a l  r e s u l t s  are p resen ted  
i n  52 .  Chief among t h e s e  i s  t h e  demonstrat ion of  t h e  f a c t  t h a t  
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bias momentum accumulation is primarily about the axis which 
is perpendicular to the orbit plane. A detailed study of 52 
will also reveal a fundamental difference in the way CMGs oppose 
external torques acting on the vehicle if the desired attitude 
is spinning relative to a set of inertial coordinates. 

ACKNOWLEDGEMENT 

The excellent assistance in programming and computation 
provided by Mrs. P. R. Dowling is appreciatively acknowledged. 

1022-JJF-cf 
P.P. 27- 
J. J. Fearnsides 

Attachment 
Appendix A 



BELLCOMM. INC. -13- 

REFERENCES 

1. Kranton, J . ,  "Applicat ion of Optimal Cont ro l  Theory t o  
A t t i t u d e  Control  w i t h  Cont ro l  Moment Gyros," D.Sc. 
D i s s e r t a t i o n ,  George Washington Un ive r s i ty ,  February,  1970.  

C a p a b i l i t y ,  I' Memorandum for  F i l e ,  B69-11054, Bellcomm, Inc.  , 
Washington, D . C . ,  November 2 0 ,  1 9 6 9 .  

2. Hough, W. W . ,  "AAP C l u s t e r  Mass P r o p e r t i e s  and CMG Cont ro l  



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

E 
0 
3 
> 
z 
E 

I 



ATTITUDE OPTION 1 

@ ACQUIRE LOCAL VERTICAL FROM SOLAR INERTIAL. 

@ INITIATE GRAVITY-GRADIENT DUMP MANEUVER. 

@ REVERSE PITCH RATE AND CONTINUE DUMPING. 

@ REACQUIRE LOCAL VERTICAL BY REMOVING PITCH RATE. 

@ REACQU I RE SOLAR INERT I AL. 

FIGURE 2 



ATTITUDE OPTION 2 

7 

@ INITIATE ROLL MANEUVER TO ALIGN EXP. A X I S  N I T H  
THE LOCAL VERTICAL AT ORBIT MIDNIGHT. 

@ REMOVE ROLL RATE, INITIATE P ITCH ORBITAL RATE. 

@ REMOVE P ITCH ORBITAL RATE, INIT IATE RETURN ROLL RATE. 

@ REMOVE ROLL RATE, SOLAR INERTIAL REACQUIRED. 

FIGURE 3 
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ATTITUDE OPTION 3 

INITIATE ROLL MANEUVER TO REMOVE P. 

REMOVE ROLL RATE, INITIATE PITCH MANEUVER. 

REMOVE PITCH MANEUVER RATE, INITIATE PITCH 
ORBITAL RATE. 

REMOVE PITCH ORBITAL RATE, INITIATE RETURN 
PITCH MANEUVER RATE. 

REMOVE PITCH RATE, INITIATE ROLL RATE. 

REMOVE ROLL RATE. 

FIGURE 6 
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APPENDIX A 

A GRAVITY-GRADIENT DUMP SCHEME 

I f  t h e  l o c a l  v e r t i c a l  mode i s  acqu i red  a t  noon o r  i f  
s u c c e s s i v e  o r b i t s  can be t o l e r a t e d  by t h e  thermal  and power 
systems of t h e  s p a c e c r a f t ,  then t h e  dark  s i d e  of t h e  o r b i t  has  
no scheduled  maneuvers. F u r t h e r ,  equa t ion  ( 8 )  s u g g e s t s  t h a t  a 
Y-axis maneuver might be scheduled such t h a t  t h e  momentum 
which accumulates about  t h i s  a x i s  can be  dumped by t h e  E a r t h ' s  
g r a v i t a t i o n a l  f i e l d .  

Consider  t h e  dark  s i d e  maneuver i l l u s t r a t e d  i n  F igure  
2 .  A c o n s t a n t  ra te  i s  imparted about  t h e  s p a c e c r a f t  Y a x i s  a t  
t h e  s u n s e t  t e r m i n a t o r  a caus ing  t h e  s p a c e c r a f t  axes  t o  move 
away from t h e  o r b i t  re fe renced  system ( O R s ) .  In  o r d e r  t h a t  t h e  
body axes be  r e a l i g n e d  wi th  t h e  ORS a t  t h e  s u n r i s e  t e r m i n a t o r ,  
t h e  r a t e  i s  r e v e r s e d  a t  o r b i t a l  midnight  a. Then, a t  t h e  
s u n r i s e  t e r m i n a t o r  @ , t h e  r e t u r n  maneuver ra te  i s  removed and 
t h e  s p a c e c r a f t  geometr ic  axes ( G S )  are r e a l i g n e d  wi th  t h e  O R s .  

This  i s  v e r i f i e d  by t h e  fo l lowing  example. 

From equa t ion  (8), t h e  Y-axis component of  t h e  g r a v i t y -  
g r a d i e n t  t o rque  on t h e  s p a c e c r a f t  as it r o t a t e s  about  t h e  Y-axis 
th rough an ang le  e away from t h e  ORS i s  g iven  by 

(A- 1) = 1 . 5 ~ ~  2 [ ( I ~ ~ - I  ) s i n  2 8  + 21xz  cos 2 8 1  xx N 
ggY 

If t h e  s u n r i s e  t e r m i n a t o r  i s  de f ined  a t  t = 2 ~ / 3 w  sec and 
i f  a t  t h i s  i n s t a n t  t h e  Y a x i s  v e l o c i t y  i s  changed from wo t o  

w (1'~) , then  8 i s  g iven  by 

0 

0 

( A - 2 )  e = - E W  (t-- 2 T  1 . 
3w0 0 

NOW, s i n c e  t h e  accumulat ion of b i a s  momentum about  t h i s  a x i s  
i s  4 6 4 5  f t - l b - s e c  p e r  o r b i t ,  t h e r e  w i l l  be approximately 3100 
f t - l b - s e c  accumulated between t h e  t e r m i n a t o r s .  This  must be 
dumped on t h e  dark  s i d e  and, s i n c e  t h e  maneuver i s  symmetr ical ,  
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h a l f  of t h i s  amount or 1550 f t - lb - sec  must be dumped between 
t h e  s u n s e t  t e rmina to r  and midnight.  From equat ion  ( 7 )  t h e  
change i n  Y-axis momentum i s  equa l  t o  t h e  i n t e g r a l  of  t h e  exter- 
n a l  to rque  over  t i m e .  T h i s  l eads  t o  t h e  fol lowing expres s ion  
f o r  t h e  r equ i r ed  dumping maneuver 

where t h e  s u b s t i t u t i o n  T = (t-2v/3wo) has  been made. 
s o l u t i o n  of (A-3) can be expressed i n  t h e  form 

The 

(A-4)  

where: ) 2 ]  I and 2 
A = [ 4 1 x z  + ( Izz-Ixx 

-1 6 = t a n  

T h i s  i s  a t r anscenden ta l  equat ion  and must be so lved  approximate- 
l y .  Using t h e  m a s s  p r o p e r t i e s  of t h e  SVWS l eads  t o  t h e  s o l u t i o n  
(ob ta ined  g r a p h i c a l l y )  E = 0 . 4 5 .  This  imp l i e s  a maximum angu la r  
v a r i a t i o n  from t h e  ORS of -27 degrees  a t  o r b i t a l  midnight.  That 
i s  I 

(A- 5 1 e (a /wo)  = -27  degrees .  
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Ta rge t  Light ing C o n s t r a i n t  

ABSTRACT 

Ligh t ing  f o r  ground s i te  photography i s  cons idered  ade- 
q u a t e ,  when t h e  angle  between t h e  s o l a r  v e c t o r  and t h e  t a r g e t  
l o c a l  v e r t i c a l  does n o t  exceed some v a l u e ,  A ( t a r g e t  l i g h t i n g  
c o n s t r a i n t ) .  Evalua t ion  of l i g h t i n g  cond i t ions  g iven  o r b i t a l  
parameters  and t i m e  i s  g e n e r a l l y  a d e t e r m i n i s t i c  problem. S ince  
launch t i m e  f o r  f u t u r e  missions and subsequent  t i m e s  of r e - v i s i t  
t o  o r b i t i n g  s p a c e c r a f t  a r e  n o t  known p r e c i s e l y ,  t h e  q u e s t i o n  of 
adequate  l i g h t i n g  over an a r b i t r a r y  t a r g e t  a t  any t i m e  i s  
addressed  h e r e  on a p r o b a b i l i s t i c  b a s i s .  Targe t  l i g h t i n g  proba- 
b i l i t i e s  c a l c u l a t e d  on t h e  b a s i s  of uniformly d i s t r i b u t e d  launch 
t i m e s ,  r e p r e s e n t  t h e  average chance f o r  adequate  l i g h t i n g  given 
a t a r g e t  s i g h t i n g  a t  any a r b i t r a r y  t i m e .  

I n  t h e  Skylab m i s s i o n  wi th  a 50" o r b i t  i n c l i n a t i o n ,  
n o r t h e r n  hemisphere t a r g e t s  a t  l a t i t u d e s  up t o  50' are a v a i l a b l e .  
The p r o b a b i l i t y  of adequate  l i g h t i n g  a t  t h e s e  l a t i t u d e s  f o r  A = 6 O o  
i s  r e l a t i v e l y  c o n s t a n t  (%O. 33) f o r  random t a r g e t  s i g h t i n g s  dur ing  
t h e  spring/summer pe r iod ,  b u t  drops s t e a d i l y  wi th  i n c r e a s i n g  
l a t i t u d e  f o r  t h e  f a l l / w i n t e r  per iod  ( 0 . 0 4  a t  50ON). These 
c h a r a c t e r i s t i c s  r e v e r s e  f o r  southern hemisphere t a r g e t s .  

Due t o  e l e c t r i c a l  power and thermal  c o n t r o l  l i m i t a -  
t i o n s ,  ground s i t e  photography with t h e  Skylab i n  t h e  XIOP-ZLV 
mode may be  l i m i t e d  t o  pe r iods  when I B I2Bc ( B  c o n s t r a i n t ) .  I f  

BC=3O0, t h e  l i g h t i n g  p r o b a b i l i t y  i s  reduced by 30% f o r  e q u a t o r i a l  
t a r g e t s  and by 41% f o r  t a r g e t s  a t  a 50"  l a t i t u d e .  With a B con- 
s t r a i n t  of B = 4 5 O  t h e  r educ t ion  i s  10-13% and f o r  B > 6 0 ° ,  t h e r e  
i s  no e f f e c t  a t  a l l .  

C C- 
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TECHNICAL MEMORANDUM 

1 . 0  INTRODUCTION 

A s  p a r t  of an e a r t h  r e sources  program ground s i t e  
photography i s  c u r r e n t l y  planned wi th  t h e  S190, Mult i -Spec t ra l  
Photographic F a c i l i t y  dur ing  t h e  f i r s t  Skylab mission. A s  
p r e s e n t l y  base l ined  t h e  Saturn V Workshop (SVWS) w i l l  be  o r i e n t e d  
i n  t h e  XIOP-ZLV mode* wi th  cameras p o i n t e d  along t h e  nad i r .**  
Photographic  o p p o r t u n i t i e s  w i l l  occur  when: 

a )  t h e  t a r g e t  f a l l s  wi th in  t h e  camera f i e ld -o f -  
view ( t a r g e t  s i g h t i n g )  and 

b )  t h e  angle  between t h e  t a r g e t  l o c a l  v e r t i c a l  
and t h e  solar vec to r  i s  w i t h i n  A=6Oo ( ta rge t  
l i g h t i n g  c o n s t r a i n t ) .  

The t a r g e t  s i g h t i n g  problem has  r e c e n t l y  been 
studied' ' )  f o r  g e n e r a l  circular o r b i t s  and r e s u l t s  g iven  i n  t e r m s  
of t h e  maximum i n t e r v a l  between success ive  s i g h t i n g s  of a spec i -  

f i c  t a r g e t .  Another s t u d y ( * )  has  examined t h e  impact of bo th  
s i g h t i n g  frequency and t h e  l i g h t i n g  c o n s t r a i n t  on photographic  
o p p o r t u n i t i e s  f o r  s p e c i f i c  t a r g e t s  from t h e  50°, 235 x 235 NM 
Skylab o r b i t .  
raphy of s p e c i f i c  t a r g e t s  i s  planned. For a r b i t r a r  t a rge t s***  
along a p a r t i c u l a r  p a r a l l e l  of l a t i t u d e ,  on + y t e l i g h t i n g  con- 
s t r a i n t  i s  r e l e v a n t .  

S igh t ing  o p p o r t u n i t i e s  are important  when photog- 

If o r b i t a l  parameters and t i m e  are s p e c i f i e d ,  evalua- 
t i o n  of t a r g e t  l i g h t i n g  i s  a d e t e r m i n i s t i c  problem. 
launch t i m e  f o r  f u t u r e  missions and subsequent t i m e s  of r e v i s i t  

Because 

*xIoP - x geometric axis i n  t h e  o r b i t a l  p lane ;  ZLV - z 
geometr ic  a x i s  (ATM a x i s )  a long  upwar3 l o c a l  v e r t i c a l .  - - - 

**A more d e t a i l e d  d e s c r i p t i o n  of t h e  experiment i s  g iven  i n  
Reference 2 .  

***"Arbi t rary" i s  used i n  t h e  sense ,  " s e l e c t e d  a t  random". 
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t o  an o r b i t i n g  s p a c e c r a f t  a r e  u n c e r t a i n ,  t h e  chances of adequate  
l i g h t i n g  over  a r b i t r a r y  t a r g e t s  a t  any t i m e  i s  of i n t e r e s t .  I n  
t h i s  memorandum t a r g e t  l i g h t i n g  f o r  n a d i r  photography i s  addressed 
on a p r o b a b i l i s t i c  b a s i s .  With t h i s  view t h e  q u e s t i o n  cons idered  
is:  

Given a t a r g e t  s i g h t i n g  a t  a p a r t i c u l a r  l a t i t u d e  
a t  s o m e  a r b i t r a r y  t i m e ,  what i s  t h e  p r o b a b i l i t y  
t h a t  t h e  t a r g e t  l i g h t i n g  c o n s t r a i n t  ( A )  i s  
s a t i s f i e d ?  

Because of e l e c t r i c a l  power and thermal  c o n t r o l  l i m i t a -  
t i o n s ,  o p p o r t u n i t i e s  f o r  opera t ing  i n  t h e  XIOP-ZLV mode wi th  t h e  
SVWS may be l i m i t e d  t o  occasions when 1 6 1  30°.* The B c o n s t r a i n t  
a f f e c t s  t a r g e t  l i g h t i n g  p r o b a b i l i t i e s ,  s i n c e  i t  has  t h e  e f f e c t  of  
exc luding  occas ions  when t h e  l i g h t i n g  c o n s t r a i n t  would o therwise  
be s a t i s f i e d .  Thus, a second ques t ion  cons idered  i s :  

Given a t a r g e t  s i g h t i n g  a t  a p a r t i c u l a r  l a t i t u d e  
a t  some a r b i t r a r y  t i m e ,  what i s  t h e  p r o b a b i l i t y  
t h a t  bo th  t a r g e t  l i g h t i n g  and c o n s t r a i n t s  are 
s a t i s f i e d ?  

2 .0  TARGET L I G H T I N G  PROBABILITY - GENERAL 

The geometry a s soc ia t ed  wi th  a n  a r b i t r a r y  t a r g e t  
s i g h t i n g  ( T )  f o r  a p a r t i c u l a r  o r b i t  i s  shown i n  F ig .  l a  i n  
which t h e  e a r t h  i s  represented  as a u n i t  sphere .  S ince  

(b) 
NORTH 

I WLE 

FIGURE 1. TARGET LIGHTING GEOMETRY 

P 

* I B (  i s  t h e  minimum a n g l e  between t h e  s u n l i n e  and t h e  
o r b i t a l  p lane .  
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s i g h t i n g s  of s p e c i f i c  t a rge ts  a t  a g iven  l a t i t u d e  on t h e  e a r t h ' s  
s u r f a c e  are n o t  involved h e r e ,  t h e  e a r t h  can be regarded as 
f i x e d  r e l a t i v e  t o  t h e  o r b i t .  The s p h e r i c a l  cap  cen te red  a t  T 
i s  d e f i n e d  by t h e  i n t e r s e c t i o n  w i t h  t h e  e a r t h ' s  s u r f a c e  of  a 
cone w i t h  v e r t e x  a t  t h e  geocenter ,  h a l f  ang le  A and a x i s  p a r a l -  
l e l  t o  t h e  t a r g e t  local  v e r t i c a l  a t  l a t i t u d e  Lt.  

c o n s t r a i n t  i s  sat isf ied a t  T, i f  t h e  solar  vector (ear th-sun l i n e )  
p i e r c e s  t h a t  r eg ion  ( S )  of t h e  s p h e r i c a l  cap  l y i n g  w i t h i n  t h e  
t r o p i c a l  l a t i t u d e s ,  IL'I 2 e = 23.45 ' .  

The so la r  v e c t o r  o r i e n t a t i o n  r e l a t i v e  t o  an  e a r t h  
o r b i t  v a r i e s  s lowly due t o  t h e  e a r t h ' s  motion about  t h e  sun 
and t h e  nodal  motion caused by e a r t h  o b l a t e n e s s .  ( 3 )  
t r a j e c t o r y  of  t h e  subsolar -poin t  (SSP) r e l a t i v e  t o  t h e  o r b i t  
ground t r a c k  i s  shown i n  F i g .  l a .  For any p a r t i c u l a r  o r b i t  
adequate  l i g h t i n g  a t  T p r e v a i l s  over  s e v e r a l  days (whi le  t h e  
SSP moves through S)  and r ecu r s  a t  i n t e r v a l s .  

The l i g h t i n g  

A t y p i c a l  

For any p a r t i c u l a r  o r b i t  t h e  p r o b a b i l i t y  (Po) t h a t  
t h e  SSP l ies  i n  S a t  any a r b i t r a r y  t i m e  w i t h i n  a miss ion  depends 
on miss ion  d u r a t i o n  (TM) and t h e  i n i t i a l  l o c a t i o n  of t h e  SSP 

r e l a t i v e  t o  t h e  o r b i t  ground t r a c k  ( launch c o n d i t i o n s ) .  For 
s h o r t  miss ions  Po may range between 0 and 1. However, it i s  
i n t u i t i v e l y  clear t h a t  as TM i n c r e a s e s  i n d e f i n i t e l y ,  Po t ends  
t o  a c o n s t a n t  (Ps), s i n c e  o r b i t s *  corresponding t o  d i f f e r e n t  
launch t i m e s ,  a l l  e v e n t u a l l y  exper ience  t h e  same so lar  v e c t o r  
v a r i a t i o n .  Furthermore,  t h e  ensemble average ( a t  any a r b i t r a r y  
t i m e )  of  Po over  a l l  p o s s i b l e  launch t i m e s  must be Ps. 
q u e n t l y ,  Ps i s  de f ined  as t h e  t a r g e t  l i g h t i n g  p r o b a b i l i t y  and 
can be eva lua ted  as t h e  ensemble average of Po over  a l l  p o s s i b l e  
launch t i m e s .  Hence P / r e p r e s e n t s  t h e  average chance f o r  
adequate  l i g h t i n g  gived a t a r g e t  s i g h t i n g  a t  any a r b i t r a r y  t i m e .  

Conse- 

/ 
3 

*The except ion  i s  a sun-synchronous o r b i t  ( 3 )  where t h e  
o r b i t  ascending node rotates i n  t h e  e q u a t o r i a l  p l ane  i n  t h e  
s a m e  d i r e c t i o n  and a t  t h e  same average r a t e  as t h e  s o l a r  v e c t o r  
i n  t h e  e c l i p t i c  p lane .  
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2.1 Evaluation of Ps 

A 

Consider an element of area dS = cosL dRdL = dRdL on 
the unit sphere at latitude L and longitude R relative to the 

A 

target meridian as shown in Fig. lb. The probability, dP(R,L), 
that the subsolar-point (SSP) lies within dS is given by 

A A A A 

dP(a,L) = fi(RlL) fL(L) dR dL = fi(RlL) fL(L) cosL dR dL (1) 

where 

A A 

fi(alL)dR = probability that SSP lies within 
an increment of longitude, 
dR = cosL dR, given that SSP is at 
latitude L where ILI < e, 

A 

- 

fL(L) dL = probability that SSP lies within 
the latitude band (L, L + dL) at 
some random instant 

A 

and fa (a IL) , f (L) are corresponding probability density func- 
tions. The target lighting probability is obtained by integra- 
ting dP(R,L) over S: 

L 

A 

A 

Expressions for fL(L) and f;(RlL) are derived in Appendix A 
based on treating launch time (date or time-of-day) as a uniformly 
distributed random variable. 
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T o  e v a l u a t e  P for random t a r g e t  s i g h t i n g s  over  an  e n t i r e  yea r  
S A 

t h e  expres s ions  f o r  f L ( L )  and f,(!LlL) from Eqs. 
( A - 7 )  are 

( A - 1 1 )  and 

lil < IT COSL 

1 COSL f L ( L )  = - 
IT 2 2 ILI < e 

s i n  e - s i n  L 

S u b s t i t u t i o n  i n t o  Eq.(2) and i n t e g r a t i o n  over L y i e l d s  

( 3 )  

( 4 )  

where L 2 ( R )  and Ll(l) r e p r e s e n t  t h e  upper and lower boundaries  
of S a t  a long i tude  1 r e l a t i v e  t o  t h e  t a r g e t  meridian.  Equa- 
t i o n s  f o r  e v a l u a t i n g  t h e  boundary of S formed by t h e  s p h e r i c a l  
cap ( A  cap)  i n  Fig.  1 a r e  given i n  Appendix B. Depending on 
L and A t h e  r eg ion  S may assume one of s i x  forms as shown i n  

Mercator p r o j e c t i o n  i n  Fig.  (B-3). Evalua t ion  of Ps i n  Eq .  (5 )  
i s  normally a numerical  process, s i n c e  t h e  in t eg rand  i s  u s u a l l y  
i n t r a c t a b l e  u n l e s s  L1 (1) and L2 (e) are cons t an t .  

t 

A comparison of t a r g e t  l i g h t i n g  p r o b a b i l i t i e s  f o r  
spring/summer and f a l l / w i n t e r  p e r i o d s  can a l s o  be eva lua ted  
w i t h  on ly  s l i g h t  modi f ica t ion  of t h e s e  r e s u l t s .  This  arises f o r  



BELLCOMM, I N C .  - 6 -  

random t a r g e t  s i g h t i n g s  over six-month i n t e r v a l s  cen te red  a t  
t he  summer and w i n t e r  s o l s t i c e s .  For the spring/summer pe r iod  
t h e  l i g h t i n g  p r o b a b i l i t y  (PSI) concerns only t h a t  p o r t i o n  of 
t h e  s p h e r i c a l  cap (around T i n  Fig.1)  l y i n g  w i t h i n  t he  no r the rn  
t r o p i c a l  zone (0  < L e ) .  For t h e  f a l l / w i n t e r  pe r iod  on1 the  
r e g i o n  l y i n g  w i t h r n  t h e  southern t r o p i c a l  zone (-e L I O y  is 
involved  i n  e v a l u a t i n g  t h e  l i g h t i n g  p r o b a b i l i t y  (Ps2) . Corre- 
sponding expres s ions  f o r  f *  ( l l L )  and f (L) a r e  g iven  i n  

A 

L L 
Appendix A. 

2 .2  E f f e c t  of 8 C o n s t r a i n t  on L igh t ing  P r o b a b i l i t i e s  

Oppor tun i t i e s  f o r  o r b i t i n g  i n  a l o c a l  v e r t i c a l  mode 
f o r  ground s i t e  photography may be l i m i t e d  t o  pe r iods  when 
IBIzBc ( 8  c o n s t r a i n t ) . *  
a t  a random t a r g e t  s i g h t i n g  the subso la r -po in t  i s  f u r t h e r  
r e s t r i c t e d  t o  t h a t  r e g i o n  i n  S between two s p h e r i c a l  caps ( 6  , B  ) 
shown i n  Fig.2.  The caps a r e  de f ined  by t h e  i n t e r s e c t i o n  w i t h  
t h e  e a r t h ' s  s u r f a c e  of t w o  oppos i t e ly  directed cones,  each w i t h  
v e r t e x  a t  t h e  geocen te r ,  half  ang le ,  90°-Bc, and cone a x i s  
normal t o  t h e  o r b i t a l  p lane .  

Hence, f o r  a photographic  oppor tun i ty  

+ - 

NORTH POLE 
(a) 

ORBIT 

@-CAP 

(b) 

TRACK 

B 

A 

S 

FIGURE 2. EFFECT OF 0 CONSTRAINT ON TARGET LIGHTING GEOMETRY 

*In  t h e  remainder of t h i s  work t h e  8 c o n s t r a i n t  i s  param- 
e te r ized  i n  t e r m s  of 8,. 
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The r eg ion  excluded from S by t h e  B c o n s t r a i n t  is  
+ t h e  over lapping  p o r t i o n  of t h e  CB , B - )  caps on the  A cap w i t h i n  

S . *  This  i s  r e p r e s e n t e d  i n  Fig.2b by t h e - r e g i o n s  A 
corresponding p r o b a b i l i t i e s  f o r  t h e  subso la r -po in t  
are c a l c u l a t e d  analogous t o  Eq. ( 2 )  f o r  S ,  t h a t  i s  

and B. The 
i n  A and B 

dL (6) 

and 

dL (7) 

B B 

Thus, w i t h  t he  B c o n s t r a i n t  t he  t a r g e t  l i g h t i n g  p r o b a b i l i t y  
(P ) i s  

B 

The r educ t ion  i n  the  l i g h t i n g  p r o b a b i l i t y  due t o  t h e  B c o n s t r a i n t  
can be assessed from t h e  r a t i o  

P + Pb ps - p B  - - a 
P =  

pS pS 

which expres ses  the r educ t ion  a s  a f r a c t i o n  of Ps. 

a r e  a l s o  many p o s s i b l e  forms for  r eg ions  A and B. Typ ica l  
ca ses  a r e  i l l u s t r a t e d  i n  Fig.(B-3) .  Equat ions f o r  t h e  bounda- 
r ies of t h e  B+ and B- caps necessary f o r  e v a l u a t i n g  P 

are a l s o  g iven  i n  Appendix B. 

A s  there are s i x  d i f f e r e n t  forms f o r  r eg ion  S, there 

b and P a 

3.0 TARGET L I G H T I N G  PROBABILITIES  FOR SKYLAB M I S S I O N  

T h e  l i g h t i n g  p r o b a b i l i t y ,  Ps, i s  a f u n c t i o n  of two 
parameters :  Lt and A .  With the  B c o n s t r a i n t ,  t h e  l i g h t i n g  
p r o b a b i l i t y ,  P B ,  i s  a func t ion  of f o u r  parameters :  Lt,A,Bc 

+ * I n t e r s e c t i o n  of the B and B- caps w i t h  t h e  A cap occurs  
if Bc.sA. 
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and o r b i t  i n c l i n a t i o n ,  i . *  For t h e  Skylab mission:  A = 6 O o  and 
i=50°  so  t h a t  t a r g e t  l a t i t u d e s  i n  t h e  range -5O05Lt25O0 a r e  
a v a i l a b l e .  

I n  F ig .3  l i g h t i n g  p r o b a b i l i t i e s  are p l o t t e d  vs Lt 

for random t a r g e t  s i g h t i n g s :  

( a )  over  an e n t i r e  year  (P , ) ,  

(b) over  a six-month i n t e r v a l  c e n t e r e d  a t  
summer s o l s t i c e  (Psi) and 

(c) over  a six-month i n t e r v a l  c e n t e r e d  a t  
win te r  s o l s t i c e  ( P s 2 ) .  

The curve f o r  Ps i s  symmetrical about Lt=Oo w i t h  Ps a maximum f o r  
e q u a t o r i a l  l a t i t u d e s  and a minimum a t  t h e  northernmost  l a t i t u d e s .  
The curves f o r  Psl and Ps2 a r e  complimentary w i t h  Psl>Ps2 f o r  
L > O o  and Psl<P f o r  Lt<Oo.  As L i n c r e a s e s ,  t h e  r a t i o  Psl/Ps2 

increases markedly wi th  Psl/Ps2=8. 2 a t  Lt=500. For s h o r t  dura- 
t i o n  miss ions ,  such as t h e  56-day Skylab miss ion ,  these r e s u l t s  

t s 2  t 

-20 -10 
0 

TARGET LATITUDE (Lt) 
(DEGREES) 

FIGURE 3. TARGET LIGHTING PROBABILITIES VS TARGET LATITUDE (Lt) 

*Since i i s  t h e  maximum l a t i t u d e  which t h e  ground t r a c k  
r eaches ,  on ly  lLtl - < i is of i n t e r e s t  f o r  n a d i r  photography. 
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0.5 

0.4 

0.3 

0.2 

0.1 

0 

c l e a r l y  i l l u s t r a t e  t h e  impact of spring/summer vs f a l l / w i n t e r  
launches on l i g h t i n g  p r o b a b i l i t i e s  f o r  no r the rn  hemisphere t a r g e t s .  

I n  Fig.4 t h e  e f f e c t  of t h e  6 c o n s t r a i n t  on t a r g e t  
l i g h t i n g  p r o b a b i l i t i e s  i s  shown f o r  v a r i o u s  va lues  of B . I f  
BC=3O0 i s  imposed on t h e  Skylab mission,  a 30-418 r educ t ion  i n  
t h e  l i g h t i n g  p r o b a b i l i t y  r e s u l t s  w i th  t h e  h ighe r  va lue  a p p l i c a b l e  
t o  t a r g e t  l a t i t u d e s  near  50°, which are of p a r t i c u l a r  i n t e r e s t . *  
For B c ? A = 6 O 0 ,  t h e  B c o n s t r a i n t  has no e f f e c t .  

C 

P - P  
pd 

pP p, 

0 10 20 30 40 50 

1.0 

0.8 

0.6 

0.4 

0.2 

0 
0 10 20 30 40 50 

Lt (DEG.1 Lt (DEG.1 

FIGURE 4. EFFECT OF pCONSTRAlNT ON TARGET LIGHTING PROBABILITY 

4.0  SUMMARY AND CONCLUSIONS 

Adequate l i g h t i n g  f o r  ground s i t e  photography is 
u s u a l l y  s t a t e d  i n  t e r m s  of a t a r g e t  l i g h t i n g  c o n s t r a i n t ,  which 
r e q u i r e s  t h a t  t h e  angle  between t h e  so l a r  vector and t h e  t a r g e t  
local  v e r t i c a l  n o t  exceed some va lue ,  A .  I n  t h i s  memorandum t h e  
q u e s t i o n  of adequate  l i g h t i n g  a t  t h e  t i m e  of pass ing  over  any 
a r b i t r a r y  t a r g e t  i s  addressed on a p r o b a b i l i s t i c  b a s i s .  Targe t  
l i g h t i n g  p r o b a b i l i t i e s  are evaluated f o r  random t a r g e t  s i g h t i n g s  
over  a yea r  and over six-month in t e rva l s  centered  a t  t h e  summer 
and w i n t e r  s o l s t i c e s .  

I n  t h e  Skylab mission wi th  a l i g h t i n g  c o n s t r a i n t  of 
A = 6 O o ,  no r the rn  hemisphere t a r g e t s  a t  l a t i t u d e s  up t o  50' a r e  of 

*A view of t h e  reg ion  s a t i s f y i n g  both  t a r g e t  l i g h t i n g  and 
B c o n s t r a i n t s  (A=6Oo, 8,=30°) f o r  a western hemisphere t a r g e t  
a t  Lt=500 i s  shown i n  Fig.  ( B - 4 ) .  
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i n t e r e s t .  The p r o b a b i l i t y  of adequate t a r g e t  l i g h t i n g  f o r  random 
t a r g e t  s i g h t i n g s  i n  t h e  spring/summer p e r i o d  i s  r e l a t i v e l y  con- 
s t a n t  f o r  no r the rn  l a t i t u d e s  w i t h  t h e  average about  0 . 3 3 .  For 
random s i g h t i n g s  i n  t h e  f a l l / w i n t e r  pe r iod  t h e  p r o b a b i l i t y  drops 
s t e a d i l y  as l a t i t u d e  i n c r e a s e s ,  and reaches  0 . 0 4  a t  a 50° l a t i t u d e .  
These c h a r a c t e r i s t i c s  r e v e r s e  f o r  sou the rn  hemisphere t a r g e t s .  

Because of e l e c t r i c a l  power and thermal  c o n t r o l  l i m i t a -  
t i o n s ,  o p p o r t u n i t i e s  f o r  ground s i t e  photography w i t h  t h e  Sa tu rn  V 
Workshop i n  t h e  XIOP-ZLV mode may b e  l i m i t e d  t o  p e r i o d s  when 
I B 128,=30°. This  a f f e c t s  t h e  l i g h t i n g  p r o b a b i l i t y ,  s i n c e  occas ions  
when t h e  l i g h t i n g  c o n s t r a i n t  would be s a t i s f i e d ,  are excluded. The 
e f f e c t  of r e q u i r i n g  B = 30° i s  t o  reduce t h e  l i g h t i n g  p robab i l -  
i t i e s  by 30-41% a s  shown i n  Fig.  4b. For a 6 c o n s t r a i n t  of 45' 
however, t h e  r educ t ion  i s  only 10-13% and f o r  ~ , ~ 6 0 " ,  t h e r e  i s  no 
e f f e c t  a t  a l l .  

C 
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APPENDIX A 

PROBABILITY D E N S I T Y  FUNCTIONS FOR SUBSQLAR-POINT (SSP) 
LATITUDE AND LONGITUDE 

The  purpose of t h i s  appendix i s  t o  d e r i v e  p r o b a b i l i t y  
d e n s i t y  func t ions  f o r  a )  SSP l a t i t u d e  (L) and b) SSP long i tude  
( 2 )  r e l a t i v e  t o  a ground s i t e  mer id ian  given t h a t  t h e  SSP i s  a t  
a p a r t i c u l a r  l a t i t u d e .  The ana lyses  are based on t r e a t i n g  t i m e  
as completely a r b i t r a r y ,  i .e . ,  a uniformly d i s t r i b u t e d  random 
v a r i a b l e  over s o m e  t i m e  i n t e r v a l .  

A . l  SSP L a t i t u d e  (L) 

SSP l a t i t u d e  can be expressed i n  terms of an ang le  y ,  
which d e f i n e s  the  ear th-sun l i n e  l o c a t i o n  i n  t h e  e c l i p t i c  plane.* 
The r e l a t i o n s h i p  between L and y is  ** 

-1 
L = s i n  ( s i n  yosin e)  (A-1) 

each  case is*** 

a )  E n t i r e  Year 

f y  ( Y )  

where e=23.45O is  t h e  angle  between t h e  e q u a t o r i a l  and e c l i p t i c  
p l anes .  Three t i m e  i n t e r v a l s  are of i n t e r e s t  here: an e n t i r e  
y e a r  ( - I T L ~ < T ) ,  a six-month i n t e r v a l  cen te red  a t  summer sols t ice  
( O < ~ < I T )  ana  a six-month i n t e r v a l  cen te red  a t  w i n t e r  sols t ice  
(-~:yiO).  The p r o b a b i l i t y  dens i ty  f u n c t i o n ,  f y  ( y )  , for  y i n  
- -  

1/2  IT I Y I  < * 

0 o therwise  
(A-2 )  

*Here y i s  measured r e l a t i v e  t o  the ear th-sun l i n e  
l o c a t i o n  a t  ve rna l  equinox ( y  = 0 ) .  

**At summer s o l s t i c e ,  y = ~ / 2  so t h a t  L = e.  

***The s o l a r  v e c t o r  is  assumed t o  ro ta te  a t  a c o n s t a n t  ra te  
i n  t h e  e c l i p t i c  p l ane ,  s i n c e  the  e f fec t  of e a r t h ' s  o r b i t a l  eccen- 
t r i c i t y  i s  smal l  and unimportant fo r  t h i s  a n a l y s i s .  Thus, y i s  
a uniformly d i s t r i b u t e d  random v a r i a b l e  i n  t h e  s t a t e d  i n t e r v a l .  
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l/r 

0 

b )  Spring/Summer 

f ( y )  = 
Y 

(A- 3 1 

c) F a l l / W i n t e r  

< o  

0 o therwise  
f y ( y )  = {  -r - (A- 4 1 

Corresponding p r o b a b i l i t y  d e n s i t y  f u n c t i o n s ,  f L ( L )  , 
a r e  t o  be determined wi th  t h e  procedure i n  Reference 4 .  A func- 
t i o n  y=g(x)  wi th  x desc r ibed  by f x ( x ) ,  has  a p r o b a b i l i t y  d e n s i t y  
f u n c t i o n  f (y) g iven  by 

Y 

(A- 5) 

w h e r e  xn a r e  s o l u t i o n s  of y=g(x)  f o r  x i n  t e r m s  of y and 
g '  (x)=dg/dx. Wherever y=g(x)  has no s o l u t i o n s ,  f (y)=O. Y 

From Eq. (A-1) it fo l lows  t h a t  

2 2 
(A-6) s i n  e - s i n  L = +  cos y s i n  e 

- COSL 
- -  dL - g '  ( y )  = 
dY 2 2 1 - s i n  y s i n  e 

Although L=g ( y )  has  i n f i n i t e l y  many s o l u t i o n s ,  f ( y n ) = O  excep t  i n  

t h e  i n t e r v a l s  s t a t e d  i n  Eqs. ( A - 2 ) - ( A - 4 ) .  I n  f a c t ,  f o r  any L t h e r e  
a r e  only two s o l u t i o n s  f o r  y .  Thus, 

Y 

a )  E n t i r e  Year , 
COSL 

2 
(A- 7 1 

s i n  e - s i n 2 L  

\ 0 o therwise  
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b) Spring/Summer 

f y  ( Y n )  

n= 1 lg '  ( Y n )  I 

2 
- f L ( L )  = 1 - 

A- 3 

c) Fal l /Winter  

r 
COSL 

s i n  e - s i n  2 

0 

I 
A.2 SSP Longitude (i) 

COSL 

s i n  e - s i n  2 

0 

O < L < e  - - 

otherwise 

(A- 8 1 

otherwise  

(A-9 1 

Since  the a x i a l  r o t a t i o n  of t h e  e a r t h  i s  f a s t  r e l a t i v e  
t o  t h e  annual motion of t h e  e a r t h  about t h e  sun,  t h e  SSP appears  a t  
e s s e s t i a l l y  t h e  same l a t i t u d e  over any given day. Assuming launch 
time-of-day as completely a r b i t r a r y  imp l i e s  t h a t  t h e  SSP longi-  
t ude  r e l a t i v e  t o  a ground s i t e  meridian i s  a uniformly d i s t r i b u t e d  
random v a r i a b l e .  Hence, t h e  p r o b a b i l i t y ,  dP ( i I L ) ,  t h a t  t h e  SSP 

n. 

l ies w i t h i n  an arc dL = COSL dL* given t h a t  t h e  SSP i s  a t  l a t i t u d e  

L ,  i s  simply t h e  r a t i o  of d l  t o  t h e  circumference of t h e  p a r a l l e l  
of l a t i t u d e ,  271 COSL. Expressed f u n c t i o n a l l y  t h i s  i s  

c, 

h 

dP(LlL) = 2* " cosL = f i ( i l L )  d i  (A-10) 

so t h a t  

lil - < IT cosL** (A-11) 

n 

*See Fig . lb .  Note t h a t  1 = L COSL. 

**This i s  e q u i v a l e n t  t o  ILILIT. 
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GEOMETRICAL RELATIONS*HIPS FOR EVALUATING 

TARGET LIGHTING PROBABILITIES 

Evalua t ion  of l i g h t i n g  p r o b a b i l i t i e s  i nvo lves  i n t e g r a -  
t i o n  over  s e c t i o n s  of s p h e r i c a l  caps l y i n g  w i t h i n  t r o p i c a l  l a t i -  
t u d e s  and d e f i n e d  by c o n s t r a i n t s  on t a r g e t  l i g h t i n g  ( A )  and t h e  
beta ang le  ( 1  6 I i B , )  . * I n  this appendix expres s ions  f o r  bounda- 
ries and i n t e r s e c t i o n s  of t h e  v a r i o u s  caps  ( A , B  , @  ) a r e  g iven  i n  
terms of l a t i t u d e  L and longi tude  L ( r e l a t i v e  t o  t h e  t a r g e t  
mer id i an ) .  

+ -  

B . l  Cap Boundary Equat ions 

I n  F ig . (B- l a )  a s p h e r i c a l  cap w i t h  center Q a t  l a t i -  
t u d e  L is shown. T h e  cap boundary i s  d e f i n e d  by t h e  

q 

(a1 

NORTH CAP 
BOUNDARY 

EQUATOR 

(bl 

NORMAL TO EARTH'S 

TARGET MERIDIAN 

0- MERIDIAN 

EQUATORIAL 
PLAN E 

FIGURE (6-11 SPHERICAL CAP GEOMETRY AND RELATIONSHIP OF TARGET 
MERIDIAN TO ORBITAL PLANE 

*See F i g s . 1  and 2 .  
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i n t e r s e c t i o n  w i t h  t h e  s p h e r e ' s  s u r f a c e  of a cone w i t h  v e r t e x  a t  
t h e  geocen te r ,  half ang le  A and a x i s  p a r a l l e l  t o  the l o c a l  v e r t i -  
cal  a t  Q. T h e  cap boundary equat ions  i n  t e r m s  of l a t i t u d e  L ,  

l o n g i t u d e ,  L ( r e l a t i v e  t o  the l o c a l  mer id ian  through Q), and cap 
parameters  ( A ,  L ) can b e  expressed a s *  

% 

q 

cA - SL SL 

CL CL 
c; = L 

9 

or a s  

2% 2 c A s L  + c L  ce s A - s l c L  
SL = q -  q $4 4 

2% 2 l - S l C L  
9 

w h e r e  
% 

Ll - < IT and ILI f 71/2. T h e  two s o l u t i o n s  f o r  L i n  E q . ( B - 2 )  

i f  t h e  cap does n o t  inc lude  the n o r t h  or s o u t h  p o l e ,  i .e . ,  
n / 2 - ~ .  When a cap inc ludes  a p o l e ,  on ly  one s o l u t i o n  f o r  

L appl,es.** 

S p e c i f i c  boundary equa t ions  f o r  a p a r t i c u l a r  cap can 
be ob ta ined  from E q s .  (B-1) and (B-2)  by s p e c i f y i n g  t h e  cone h a l f  
a n g l e  ( A )  and t h e  l a t i t u d e  L corresponding t o  the cap c e n t e r .  
These a r e  l isted i n  Table B-1 f o r  the A , B +  and B- caps.  S ince  
E q s .  (B-1) and ( B - 2 )  expres s  long i tude  (.e) r e l a t i v e  t o  t h e  meridian 
through t h e  cap c e n t e r ,  a common r e f e r e n c e  i s  adopted,  s p e c i f i c a l -  
l y ,  l ong i tude  (1) r e l a t i v e  t o  t h e  t a r g e t  mer id ian  ( A  c a p ) .  The 

corresponding mod i f i ca t ion  of e f o r  the 
equa t ions  i s  a l s o  l i s t e d  i n  Table B-1 .  This  can be  seen  from 
F i g . ( B - l b ) ,  which shows the r e l a t i o n s h i p  between t h e  t a r g e t  
mer id ian  and t h e  o r b i t a l  p lane  f o r  a p a r t i c u l a r  o r b i t  i n c l i n a t i o n  
(i).  

q 
% 

+ % 

and 6- cap boundary 

T h e  ang le  net i s  g iven  by 

-1 net = s i n  ( t a n  Lt/tan i) 

*For b r e v i t y  t h e  t r i gonomet r i c  o p e r a t i o n s  s i n (  ) and cos( ) 
a r e  w r i t t e n  a s  s (  ) and c( 1. 

**If L > I T / ~ - A ,  the s o l u t i o n  f o r  L i n  E q .  (B-2)  w i t h  t h e  nega- 
9 

t i v e  r a d i c a l  a p p l i e s ,  b u t  if L < - ( I T / ~ - A )  then  the  p o s i t i v e  r a d i c a l  

a p p l i e s .  
q 
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TABLE B-1 PARAMETERS FOR (A, fl, p-) CAP BOUNDARY EQUATIONS 

* 

ACAP P C A P  CAP 

I I Q-n/2 + aet Q + d 2  + a, a' Q 

B.2 Cap I n t e r s e c t i o n s  

occur  i f  Bc 5 A .  This  is  i l l u s t r a t e d  i n  Fig.(B-2) which shows 
t h e  t e r m i n a l  p o i n t s  ( a , b , c , d )  of t h e  i n t e r s e c t i o n s  on bases  of 
the cones which d e f i n e  t h e  boundaries  of . t he  ( A ,  B+, B-) caps.  
Locat ion of t h e  p o i n t s  (a ,b ,c ,d)  i n  terms of l a t i t u d e  L and 
l o n g i t u d e  L ( r e l a t i v e  t o  the t a r g e t  meridian)  can be found by 

I n t e r s e c t i o n s  of the B+ and B- caps with t h e  A cap 

(NORMAL TO 

(TARGET LOCAL 

NORMAL TO 
ORBITAL PLANE 

ORBIT 

ASCENDING / -  
NODE POINT j 

(j = a, b, c, d) 

L+ 
CONE 

FIGURE (6.2) GEOMETRY FOR EVALUATING (A, fl ,  g-1 CAP INTERSECTIONS 
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determining with appropriate coordinate transformations, the 
orientation (L , I . )  of a unit vector S ( j  = a,b,c,d) along the 
local vertical to each point. 
and (B-lb) it can be shown that 

j J  -j 
Based on the geometry in Figs.(B-2) 

SL = S J , ~  C B ~  si - sBj ci 
j 

s J , ~  cBj cQet ci + s 8  

sq j  cBj sQet ci + sB 

cQet s i  - c + ~  cflj 

saet si + CJ, 
tan L = j 

j 
C B ~  caet j j 

where B J , .  are given in Table B-2, 
j '  I 

s G  = s L t / s i  ot 

cq = cA/cBc 

++ = Got + II 

and Get is given by Eq. (B-3). 

TABLE B-2 (pi. Gj) PARAMETERS FOR (A, fl, r )  CONE INTERSECTIONS 

(B-5) 
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B . 3  S ,  A and B Reqions 

T h e  p o r t i o n  of the A cap l y i n g  w i t h i n  the t r o p i c s  

P o r t i o n s  of S excluded by t h e  

The A and B r eg ions  

r e p r e s e n t s  the reg ion  S where the t a r g e t  l i g h t i n g  c o n s t r a i n t  is 
s a t i s f i e d .  T h e  form of  S may take any of six forms depending on 
Lt and A ,  as shown i n  Fig.(B-3).  
B c o n s t r a i n t  r e p r e s e n t  reg ions  ( A , B ) *  where t h e  l i g h t i n g  c o n s t r a i n t  
i s  s a t i s f i e d ,  b u t  t h e  8 c o n s t r a i n t  i s  not .  
may t a k e  many forms, some of which a r e  shown i n  Fig.  (B-3). These 
correspond t o  cases when t h e  t a r g e t  s i g h t i n g  occurs  a t  an ascend- 
ing  i n t e r s e c t i o n  w i t h  l a t i t u d e  Lt. 

symmetrical  for  t h e  descending i n t e r s e c t i o n .  A s p e c i a l  case 
corresponding t o  =30°, i=5Oo and A = 6 O o  f o r  a t a r g e t  a t  l a t i t u d e  
Lt=500 i n  t h e  wes tern  hemisphere is shown i n  Fig.  ( B - 4 ) .  

However, the s i t u a t i o n  is  

C 

*See Fig.2.  
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S REGIONS* 

-7r 7r 

B- 6 

A REGIONS 

0 

B REGIONS 

c 
L-,-7 

LEGEND: 
*REGIONS S 2 4 6  CORRESPOND TO NORTHERN 

HEMISPHERE TARGETS (LSO) .  FOR L,<O. 
S 2 4 6  ARE INVERTED. 

h C A P  BOUNDARY 
p* CAP BOUNDARY 
0- CAP BOUNDARY 

--- 

------ TROPICAL BOUNDARY 

FIGURE (8-3) - S REGIONS AND TYPICAL (A,B) REGIONS 
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I 
I 
I 
I 

FIGURE (8-4) - TROPICAL REGION SATISFYING TARGET LIGHTING 
AND PCONSTRAINTS FOR A WESTERN HEMISPHERE 
TARGET AT 50' N LATITUDE. 
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J .  J. Sakolosky F I L I N G  SUBJECT(S)  

(ASSIGNED B Y  AUTHOR(S) ) -  

A B S T R A C T  

During pe r iods  of e a r t h  resources  exper imenta t ion ,  t h e  
AAP C l u s t e r  a t t i t u d e  w i l l  be c o n t r o l l e d  such t h a t  t h e  f i x e d  ex- 
per iment  a x i s  i s  cont inuously a l igned  wi th  t h e  l o c a l  ver t ica l .  
I n  t h i s  a t t i t u d e  mode, s o l a r  a r r a y  power ou tpu t  i s  s u b s t a n t i a l l y  
less than power genera ted  i n  t h e  usua l  s o l a r  i n e r t i a l  a t t i t u d e  
when t h e  a r r a y s  are cont inuously poin ted  a t  t he  sun.  The f a c t  
t h a t  t h e  angle  of inc idence  of t h e  s u n ' s  r ays  i s  o t h e r  t han  
z e r o  causes  a cos ine  loss i n  i n c i d e n t  energy p l u s  an increase 
i n  t h e  energy r e f l e c t e d  f r o m  t h e  s o l a r  ce l l  c o v e r s l i d e s .  The 
a t t i t u d e  i s  such t h a t  a l a r g e r  average percentage of t h e  a r r a y s  
powering t h e  A i r l o c k  system w i l l  be shadowed by the ATM a r r a y s .  
On t h e  p o s i t i v e  s i d e ,  t h e  average temperature  of t h e  a r r a y s  w i l l  
be lower than  i n  t h e  solar  i n e r t i a l  mode, and t h e r e f o r e  t h e  
electrical  power ou tpu t  w i l l  be h ighe r  fo r  a given i n c i d e n t  
s o l a r  f l u x .  

The b a s i c  assumptions made f o r  t h i s  a n a l y s i s  are t h a t  
t h e  experiment viewing a x i s  is  d i r e c t l y  oppos i te  t h e  s o l a r  a r r a y  
outward normal, and t h a t  t h i s  ax is  i s  a l i g n e d  wi th  t h e  loca l  
v e r t i c a l  a t  an o r b i t a l  midnight and remains a l i g n e d  u n t i l  a 
subsequent  midnight. I n  order t o  perform e a r t h  r e sources  
exper imenta t ion  f o r  one t o  s e v e r a l  consecut ive  o r b i t s ,  t h e  
system power requirements  must be reduced, and/or an o p e r a t i o n a l  
ground r u l e  t h a t  t h e  s ta te-of-charge of each b a t t e r y  must 
r e t u r n  t o  1 0 0 %  dur ing  t h e  i l l umina ted  p o r t i o n  of each o r b i t  
must be set  a s i d e .  I t  appears t h a t  an accep tab le  combination 
of decreased  power requirements and pe rmis s ib l e  b a t t e r y  depth- 
of -d ischarge  can be chosen such t h a t  t w o ,  and maybe t h r e e  
consecut ive  o r b i t s  a r e  p o s s i b l e  wi thout  imposing any seve re  
r e s t r i c t i o n s  on t h e  sun- l ine /orb i t -p lane  ang le ,  B .  F u r t h e r ,  if 
t h e  e a r t h  r e sources  t a r g e t s  of i n t e r e s t  are a l l  n o r t h  of 25' 
l a t i t u d e  ( i . e .  t h e  U . S . A . ) ,  then t h e  power c a p a b i l i t y  can be 
subs  t a n t i a l l y  improved by l o c a t i n g  the experiment axes 20-30 
degrees  away from t h e i r  assumed l o c a t i o n  on t h e  plus-Z C l u s t e r  
a x i s  toward the minus-Y a x i s .  
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TM- 7 0 - 1 0  2 2 - 6 
TECHNICAL MEMORANDUM 

I. INTRODUCTION 

Electrical  power for Apollo App l i ca t ions  Program space- 
c r a f t  i s  genera ted  by s o l a r  c e l l  a r r a y s .  There are t w o  s o l a r  
a r r a y / b a t t e r y  systems: t h e  AM system i s  mounted on t h e  Workshop 
and A i r l o c k  Module and t h e  ATM system i s  mounted on t h e  Apollo 
Telescope Mount. When i l l u m i n a t e d ,  t h e  solar  a r r a y s  conve r t  
i n c i d e n t  s o l a r  energy i n t o  e lectr ical  energy. Some of t h i s  
energy i s  used t o  power system loads  and t h e  rest i s  s t o r e d  i n  
batteries.  Spacec ra f t  power i s  supp l i ed  by these b a t t e r i e s  when 
t h e  a r r a y  i s  n o t  i l l umina ted .  Although t h e y  are t h e  same i n  
p r i n c i p a l ,  t h e  t w o  systems are d i f f e r e n t  i n  des ign  and posses s  
d i f f e r e n t  o p e r a t i n g  characterist ics.  Although it i s  now planned 
t o  o p e r a t e  t h e  systems i n  p a r a l l e l  f o r  power s h a r i n g  under nomi- 
n a l  c o n d i t i o n s ,  t h e  systems have been t r e a t e d  s e p a r a t e l y  i n  t h e  
p a s t  and t h a t  p r a c t i c e  w i l l  be  cont inued i n  t h i s  paper.  

I n  t h e  nominal AAP a t t i t u d e  mode, which i s  known as 
solar i n e r t i a l ,  t h e  vehicle i s  s t a b i l i z e d  so t h a t  the  a r r a y s  are 
p o i n t e d  d i r e c t l y  a t  t h e  sun throughout  t h e  e n t i r e  s u n l i t  p o r t i o n  
o f  t h e  o r b i t ,  t h u s  the p e r - o r b i t  energy o u t p u t  of  the  a r r a y s  i s  
maximized. Severa l  ea r th - r e sources  experiments  have been pro- 
posed f o r  AAP which, when o p e r a t i n g ,  r e q u i r e  a d i f f e r e n t  a t t i t u d e  
mode. I n  t h e  ea r th - r e sources  mission mode, t h e  viewing axes 
of  t h e  s p a c e c r a f t - f i x e d  experiments must be c o n t i n u a l l y  a l i g n e d  
w i t h  t h e  l o c a l  ver t ica l  t o  wi th in  some s m a l l  angu la r  t o l e r a n c e .  
These experiments w i l l ,  i n  t h e  main, perform obse rva t ions  of  t he  
s u n l i t  ea r th  and w i l l  t h e r e f o r e  be f i x e d  t o  t h e  vehicle on t h e  
s i d e  oppos i t e  t h e  a c t i v e  face of t h e  a r rays .  The a r r a y  energy 
o u t p u t  w i l l  t h e r e f o r e  be reduced, b u t  n o t  e l imina ted .  

The o b j e c t i v e  of t h e  work r e p o r t e d  i n  t h i s  paper  has  
been t o  a c c u r a t e l y  determine t h e  c a p a b i l i t i e s  of  t h e  t w o  AAP 
electrical  power systems i n  t h e  ea r th - r e sources  mission mode. 
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Taking as a base  t h e  c u r r e n t  AAP C l u s t e r  c o n f i g u r a t i o n  as shown 
i n  F igu re  1, system c a p a b i l i t i e s  f u r t h e r  depend on: 

t h e  a t t i t u d e  p r o f i l e ,  

t h e  s u n - l i n e / o r b i t  p lane  ang le ,  B ,  

t h e  p o s i t i o n  of  t h e  experiment viewing a x i s  re la t ive 
t o  t h e  solar  a r r a y s ,  

t h e  t i m e  i n t o  t h e  mission t h a t  t h e  experiments  are 
performed, 

t h e  maximum pe rmis s ib l e  depth  of  d i scha rge  of t h e  
b a t t e r i e s .  

With a l l  of  t h e  above s p e c i f i e d ,  t he  number of conse- 
c u t i v e  experiment pas ses  t h a t  are p o s s i b l e  from t h e  power s tand-  
p o i n t  can be determined i f  we a lso s p e c i f y :  

f )  t h e  e s t ima ted  average power requirements  on both systems 
independent of t h e  experiments  

and g )  t h e  power source  f o r  t h e  experiments themselves (AM o r  
ATM) and t h e i r  power requirement .  

11. ATTITUDE PROFILE 

I n  Reference 1, three p o s s i b l e  a t t i t u d e  p r o f i l e s  are 
d i s c u s s e d  which m e e t  t h e  s t a t e d  requirements  of t h e  e a r t h  re- 
sources  experiments.  They a r e  a l i k e  i n  t h a t  a l l  p o s i t i o n  t h e  
experiment viewing axes along t h e  l o c a l  v e r t i c a l  when t h e  t a r g e t  
( sub-spacecraf t  p o i n t )  i s  p rope r ly  i l l u m i n a t e d  by t h e  sun ,  and 
i n  t h a t  t h e  v e h i c l e  X-axis ( r o l l  a x i s )  i s  k e p t  i n  t h e  o r b i t a l  
p l a n e  p a r a l l e l  t o  the  v e l o c i t y  vec to r .  
a t t i t u d e  i s  acqu i red ,  s t a r t i n g  f r o m  t h e  s o l a r  i n e r t i a l  a t t i t u d e .  

They d i f f e r  i n  how t h i s  

I t  i s  shown i n  Reference 1 t h a t  t o  minimize t h e  expense 
of a t t i t u d e  maneuvers w h i l e  maximizing experiment o p p o r t u n i t i e s  
i n  s u n l i g h t ,  an a t t i t u d e  p r o f i l e  known as midnight a c q u i s i t i o n  
must be used. T h i s  p r o f i l e  begins  w i t h  a v e h i c l e  r o l l  maneuver 
between o r b i t a l  s u n s e t  and o r b i t a l  midnight t o  p l ace  t h e  expe r i -  
ment viewing a x i s  i n  t h e  o r b i t a l  p l ane  such t h a t  t h e  experiments  
w i l l  look d i r e c t l y  down a t  midnight.  A t  midnight ,  t he  o r b i t a l  
rate i s  induced about  the  normal t o  t h e  o rb i t a l  p lane .  The ex- 
per iment  a x i s  then  r ema ins  a long t h e  local  v e r t i c a l  f o r  some 
i n t e g r a l  number o f  midnight-to-midnight o rb i t s .  A f t e r  t h e  l a s t  
exper imenta l  p a s s ,  t h e  oppos i te  o f  t h e  a c q u i s i t i o n  sequence i s  
carried o u t ;  t h e  o r b i t a l  rate i s  removed a t  midnight and t h e  
v e h i c l e  i s  rol led back t o  s o l a r  i n e r t i a l  b e f o r e  o r b i t a l  s u n r i s e .  
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The midnight a c q u i s i t i o n  p r o f i l e  has  been adopted for  
t h i s  s tudy .  I n  t h e  Base l ine  Reference Mission document (Ref. 2 )  
t h e  s p e c i f i c a t i o n  of t h e  o r i e n t a t i o n  of t h e  C l u s t e r  i n  t h e  so la r  
i n e r t i a l  mode i s  such t h a t  t h e  plus-X a x i s  (CSM end) is  i n  t h e  
d i r e c t i o n  of t h e  v e l o c i t y  vec to r  a t  o r b i t a l  noon. The CSM w i l l  
t h e r e f o r e  l a g  a t  midnight ,  and t h e  minus-X (OWS end) w i l l  be i n  
t h e  d i r e c t i o n  of  t h e  v e l o c i t y  v e c t o r  throughout t h e  e a r t h  
r e sources  mission mode. I f  e i t h e r  o f  t h e  other  two a c q u i s i t i o n  
modes, noon a c q u i s i t i o n  o r  l o c a l  t a r g e t  a c q u i s i t i o n ,  d i scussed  
i n  Reference 1 are used, then t h e  oppos i t e  i s  t h e  case - t h e  
l e a d i n g  end i n  t h e  earth resources  mode w i l l  be t h e  CSM end. 

111. EXPERIMENT POSITION 

The outward normals t o  t h e  so la r  a r r a y s  of  t h e  AAP 
C l u s t e r  are a l l  i n  t h e  d i r e c t i o n  of the  minus-2 C l u s t e r  a x i s .  
I n  t h e  p r i o r  w e t  Workshop conf igu ra t ion ,  which w a s  t o  use  a 
d i f f e r e n t  a t t i t u d e '  p r o f i l e  and had movable solar  a r r a y s ,  t h e  
viewing a x i s  of  t h e  multiband photography experiment w a s  op t ima l ly  
l o c a t e d  a long  t h e  C l u s t e r  plus-2 a x i s .  T h i s  experiment p o s i t i o n  
has  remained f o r  a l l  proposed e a r t h  r e sources  experiments i n  t h e  
d ry  Workshop conf igu ra t ion .  From e lec t r ica l  power and thermal 
c o n t r o l  s t a n d p o i n t s ,  t h e  plus-2  experiment p o s i t i o n  i s  n o t  
n e c e s s a r i l y  t h e  optimum i n  t h e  a t t i t u d e  mode j u s t  descr ibed .  
The optimum depends on t h e  range of t a r g e t  l a t i t u d e s ,  t n e  accessi- 
b i l i t y  t o  t h e s e  t a r g e t s ,  and t h e  d i r e c t i o n  of f l i g h t .  

I n  t h i s  s tudy ,  t h e  plus-2 experiment p o s i t i o n  w a s  
adopted. I n  a la ter  sect ion opt imal ,  o r  a t  l ea s t  more favorable ,  
p o s i t i o n i n g  w i l l  be discussed.  

I V .  INSTANTANEOUS SOLAR ARRAY POWER OUTPUT 

The in s t an taneous  s o l a r  a r r a y  power ou tpu t  i n  t h e  e a r t h  
r e sources  mission mode, PSA, can be eva lua ted  by t h e  fo l lowing  
equat ion:  

PSA = COS X P N ( T )  ( I - L R )  (l-L,,) (1-Ls) 

Each term of (1) i s  discussed i n  d e t a i l  i n  t h e  fol lowing para-  
graphs.  
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cos 1: 

h i s  t h e  angle  of solar  inc idence ;  t h a t  i s  t h e  angle  

T h e  i n c i d e n t  s o l a r  
between t h e  v e c t o r  t o  t h e  s u n  and t h e  outward normal t o  t h e  s o l a r  
a r r a y ,  which i s  t h e  minus-Z C l u s t e r  a x i s .  
power p e r  u n i t  a r e a  of t h e  a r r a y  i s  d i r e c t l y  p r o p o r t i o n a l  t o  the  
cos ine  o f  A. With the  experiments a long t h e  plus-Z, t h e  s o l a r  
a r r a y  normal w i l l  be co inc iden t  w i t h  t h e  l o c a l  v e r t i c a l .  
t h i s  a t t i t u d e  t h e  c o s i n e  of A i s  t h e  product  of t h e  cos ines  of 
t h e  minimum angle  between the  sun v e c t o r  and t h e  o r b i t  p l ane ,  6, 
and t h e  o r b i t  p o s i t i o n  angle ,  rl. 

I n  

cos h = cos B cos rl (2) 

These two ang les  a r e  de f ined  i n  Reference 3 and shown i n  Figure 
2. i3 i s  p o s i t i v e  i f  t h e  sub-orbi ta l -noon p o i n t  i s  south  of t h e  
sub - so la r  p o i n t . *  ( B  as shown i s  n e g a t i v e . )  rl measures t h e  
angu la r  p o s i t i o n  i n  t h e  o r b i t  of t h e  s p a c e c r a f t  r e l a t i v e  t o  o r b i t a l  
noon, and i s  p o s i t i v e  ( a s  shown) i n  t h e  d i r e c t i o n  of t h e  o r b i t a l  
v e l o c i t y  vec to r .  Both B and rl a r e  t i m e  va ry ing ,  and n e i t h e r  vary 
l i n e a r l y .  B v a r i e s  due t o  t h e  e a r t h ' s  r o t a t i o n  about  t h e  sun and 
o r b i t a l  r e g r e s s i o n .  F igure  3 i s  t h e  t i m e  h i s t o r y  of B f o r  a 
miss ion  launched a t  3:OO p.m. EST on J u l y  15 t o  a 235 NM, 5 0 °  
i n c l i n a t i o n  o r b i t .  The iirilits on 3 a r e  plus zncl minus t h e  sum of 
t h e  o r b i t a l  i n c l i n a t i o n  and t h e  ang le  between t h e  e c l i p t i c  and 
e q u a t o r i a l  p l a n e s ;  f o r  a 50° i n c l i n a t i o n ,  -73O27' I B I +73O27'. 
A p a s s  of t he  s a t e l l i t e  from one o r b i t a l  noon t o  t h e  nex t  i s  
e q u i v a l e n t  t o  a 360° i nc rease  i n  rl.  The t i m e  rate of  change of  
rl i s  n o t  c o n s t a n t ,  aga in  because of  o r b i t a l  r e g r e s s i o n  and t h e  
ea r th ' s  r o t a t i o n  about t h e  sun. I n  Appendix A, however, an 
expres s ion  f o r  t h e  averaqe noon-to-noon s a t e l l i t e  period' ,  TS AvG, 

i s  d e r i v e d ,  and t h a t  pe r iod  h a s  been used i n  t h i s  s tudy  i n  a 
l i n e a r  approximation of t h e  r e l a t i o n  between rl and t i m e .  

rad/hr (3) 

With t h e  assumed l o c a t i o n  o f  t h e  experiment viewing 
axes a long  t h e  C l u s t e r  plus-Z a x i s ,  t h e  e f f e c t  of  6 on power 
system c a p a b i l i t i e s  i s  independent of the  s i g n  of 13 i n  t h e  case 
of  t h e  ATM, and almost independent i n  t h e  case of the  AM. The 
s l i g h t  dependency of  the AM c a p a b i l i t i e s  on t h e  s i g n  of  f3 is  
due t o  nonsymmetric shadowing of t h e  AM a r r a y s ,  which is  i n  t u r n  

*This d e f i n i t i o n  of p o s i t i v e  6 i s  c o n s i s t e n t  w i th  the  d e f i n i -  
t i o n  conta ined  i n  . t h e  Basel ine Reference Mission (Ref. 2 ) ,  b u t  
o p p o s i t e  t o  the  d e f i n i t i o n  of Reference 3. 
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due t o  t h e  o f f s e t  of t h e  a r r ays .  However, t h e  d i f f e r e n c e  i s  
undiscernable  i n  p l o t s  of  AM c a p a b i l i t i e s  v s  B .  Therefore  on ly  
p o s i t i v e  va lues  of B are used i n  p l o t s  of  c a p a b i l i t i e s ,  w i th  
t h e  understanding t h a t  t h e  r e s u l t s  apply e q u a l l y  w e l l  f o r  nega t ive  
B of the  same abso lu te  values .  

I t  can be seen  from equa t ion  ( 2 )  t h a t  cos A w i l l  be 
n e g a t i v e  whenever cos n is nega t ive  as cos B i s  always p o s i t i v e .  
However, PSA i n  equa t ion  (1) can never  be n e g a t i v e ,  b u t  w i l l  be 
zero when cos T-I i s  ze ro  o r  nega t ive .  I n  o the r  words, t h e  a r r a y  
w i l l  n o t  see t h e  sun and w i l l  n o t  produce power when Q i s  between 
9 0 °  and 270'  i n  t h e  e a r t h  resources  mission mode. Therefore ,  w e  
need cons ide r  s o l a r  a r r a y  ou tpu t  on ly  when Q i s  between -90°  and 
+ g o o .  

P (T)  is  t h e  temperature  dependent power ou tpu t  of N 
t h e  f u l l  a r r a y  a t  normal s o l a r  i nc idence ,  a i r  m a s s  zero,  and 
beginning of l i f e .  S o l a r  a r r a y s  conve r t ing  i n c i d e n t  r a d i a n t  
energy i n t o  e lectr ical  energy are p r e d i c t a b l y  a f f e c t e d  by t h e  
tempera ture  of  t h e  a r r a y  which i s  i tself  a f f e c t e d  by t h e  i n c i d e n t  
r a d i a n t  energy. I t  i s  well-known t h a t  t h e  open-c i r cu i t  v o l t a g e  
i s  an i n v e r s e  func t ion  of temperature  and i s  e s s e n t i a l l y  
una f fec t ed  by i n c i d e n t  i n t e n s i t y  w h i l e  s h o r t - c i r c u i t  c u r r e n t  i s  
a l i n e a r  func t ion  of i n c i d e n t  i n t e n s i t y  and i s  e s s e n t i a l l y  un- 
a f f e c t e d  by temperature .  The maximum power of an a r r a y  a t  any 
g iven  i n t e n s i t y ,  then ,  i s  a n  i n v e r s e  func t ion  of  temperature .  
Various sou rces  g i v e  m a x i m u m  power tempera ture  c o e f f i c i e n t s  
r ang ing  f r o m  -0 .42% p e r  OC t o  -0.485% p e r  OC. (-0.234% p e r  OF 
t o  -0 .27% p e r  OF.) 

The two solar  a r r a y  systems i n  AAP both  use  i d e n t i c a l  
so la r  cells  arranged a s  modules t o  provide t h e  d e s i r e d  power 
levels a t  t h e  d e s i r e d  vo l t age  levels. T h e  cel ls  are 2 cm x 2 c m  
N on P s i l i c o n  cel ls  w i t h  a nominal base r e s i s t i v i t y  of  1 0  ohm-cm 
and an a c t i v e  a r e a  of 3.8 c m  . The conversion e f f i c i e n c y  i s  
taken  as 1 0  p e r  cen t .  From t h i s ,  t h e  nominal power o u t p u t  of 
each ce l l  w i t h  i n c i d e n t  normal solar  power of  1 4 0  mw/cm2 can be 
determined. 

2 

= 1 4 0  x 3.8 x 0.10 = 53.2 m w / c e l l  'cell 
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T h e  AM array cons is t s  of 240 modules of 1 1 3 6  cel ls  each fo r  
a t o t a l  of 272640 ce l l s  and t h e  ATM ar ray  c o n s i s t s  of 360  m o d u l e s  
of 684 cel ls  each f o r  a t o t a l  of 246240 cel ls .  So, 

= 5 3 . 2  x x 272640 = 14504  w 

= 53 .2  x x 246240 = 13100  w 

pAEl 

'ATM 

T h e s e  nominal t o t a l  array o u t p u t s  are based o n  t h e  cel ls  b e i n g  
a t  a temperature of 3OoC (86OF) and do n o t  i n c l u d e  losses fo r  
assembly i n t o  an array.  The losses are summar ized  i n  t h e  
f o l l o w i n g  table  

AM ATM 

Coverslides a n d  a d h e s i v e  2.0% 2 .0% 

C e l l  m i s m a t c h  3 .0  3 . 0  

Diode loss ( 0 . 8 ~ )  1 . 4  2 .0  

L i n e  loss ( l iOv)  1 . 7 5  2 . 5  - - 
T o t a l  loss 8 .15% 9.5% 

The  a r ray  power capabi l i t i es  a t  86'F are t h e r e f o r e  

= 14504  (1-0 .0815)  = 13322  w pAEl 

= 1 3 1 0 0  (1 -0 .095)  = 1 1 8 5 5  w 
'ATM 

T a k i n g  t h e  temperature coef f ic ien t  as -0 .465% per OC, or  
- .258% per OF, w e  can w r i t e  t h e  expressions f o r  P N ( T ) .  
t h e  AM system: 

F o r  

P N ( T )  = 1 3 3 2 2  (1- .00258 ( T - 8 6 ) )  ( 4 - a )  
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and f o r  t h e  ATM system: 

PN(T) = 11855 (1-.00258 (T-86)) (4-b) 

where T i s  t h e  temperature  of t h e  a r r a y  i n  degrees  F. 

When t h e s e  express ions  are eva lua ted  a t  t h e  r a t e d  
o p e r a t i n g  temperatures  of t h e  two systems,  t h e  r e s u l t s  are i n  
agreement wi th  t h e  MSFC publ ished r a t e d  power c a p a b i l i t i e s  t o  
w i t h i n  0 . 1 4 % .  

T: 

To make u s e  of t h e  expres s ions  f o r  P N ( T )  j u s t  developed, 
an a n a l y s i s  of t h e  a r r a y  temperature  p r o f i l e  i s  requi red .  
Seve ra l  ana lyses  of a r ray  temperature  p r o f i l e s  f o r  d i f f e r e n t  
a t t i t u d e  p r o f i l e s  have been performed by J. W. Powers, i n c l u d i n g  
t h e  e a r t h  r e sources  mission mode under cons ide ra t ion  
here .  H i s  work i s  r e p o r t e d  i n  Reference 4 .  H e  modeled t h e  
a r r a y  as a s i n g l e  t w o  su r face  node wi th  t h e  a p p r o p r i a t e  absorp- 
t i v i t y  and e m i s s i v i t y  on each face, and assumed t h e s e  p r o p e r t i e s  
w e r e  i d e n t i c a l  for t h e  two a r rays .  The array planar s u r f a c e s  
receive t i m e  vary ing  direct  s o l a r ,  e a r t h  r e f l e c t e d  so la r ,  and 
e a r t h  e m i t t e d  I R  thermal  f l u x e s  as f u n c t i o n s  of a l t i t u d e  ( taken  
as t h e  b a s e l i n e  235 NM c i rcu lar  o r b i t ) ,  a t t i t u d e ,  and p o s i t i o n  
ang le s  re la t ive t o  t h e  sun ,  6 and 11. The i n c i d e n t  f l u x  p r o f i l e  
t o g e t h e r  w i th  t h e  a r r a y  phys ica l  p r o p e r t i e s  w e r e  used t o  determine 
t h e  a r r a y  temperature  p r o f i l e .  P o w e r ' s  r e s u l t s  f o r  t h e  e a r t h  
r e sources  mission mode are shown i n  Figure 4 f o r  t h e  p e r t i n e n t  
range of  q and f o r  f o u r  B angles .  

The curves  of Figure 4 can be d u p l i c a t e d  t o  w i t h i n  a 
few p e r c e n t  wi th  a f a i r l y  simple c u r v e - f i t  equa t ion ,  which w a s  
developed t o  ease computational e f f o r t  w i t h i n  t h e  computer 
program t h a t  p r e d i c t s  i n s t an taneous  solar  a r r a y  power ou tpu t .  
F u r t h e r ,  i n t e r p o l a t i o n  f o r  d i f f e r e n t  6 ang le s  i s  unnecessary.  
This  expres s ion  i s  

T = A + B Sin  (180' rl+35-c 125-c) + D (5) 
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2 . 6 1 7  
A = 59 - .00088846 B 

c = . 00022212  6 2 . 6 1 7  

E + F ,  0 5 + 15' 
0 , r 1 > + 1 5 '  

D = {  

where 
1 . 0 8 1  

E = -.09808 (60-6 )  

F = 0.14517 (60 -B)1*107  s i n  (180' - n+40 
70 

When u s i n g  t h e s e  equa t ions ,  q must be maintained i n  t h e  range 
of -90' - < + q I + 90' (use  of 280' r a t h e r  than  -80' w i l l  g ive  an 
e r roneous  r e s u l t ) ,  and B must be p o s i t i v e .  
i n  degrees. The temperature ,  T ,  w i l l  be i n  degrees  F. 

Both must be i n p u t  

Because of r e f l e c t i o n  of  i n c i d e n t  l i g h t  o f f  t h e  s o l a r  
c e l l  c o v e r s l i d e  and because of  t ransmiss ion  loss w i t h i n  t h e  
c o v e r s l i d e ,  t h e  i n t e n s i t y  of  l i g h t  reaching  t h e  s u r f a c e  o f  t h e  
c e l l  i s  decreased  from t h a t  reaching  t h e  c o v e r s l i d e .  The t r a n s -  
mission loss i s  assumed t o  be a c o n s t a n t  2 % .  The r e f l e c t i v e  loss 
i s  a f u n c t i o n  of t h e  angle  of inc idence  and t h e  index of  re- 
f r a c t i o n  of t h e  c o v e r s l i d e  ma te r i a l .  I n  Reference 5,  t h e  follow- 
i n g  expres s ion  w a s  developed f o r  de te rmina t ion  of t h e  magnitude 
of t h e  r e f l e c t i v e  loss : 

cos (x-x) 2 Percen t  loss = 1 0 0 %  
s i n  ( A + x )  

where A i s  t h e  angle  of inc idence  and x i s  t h e  ang le  of r e f r a c t i o n .  
A and x are r e l a t e d  t o  t h e  index of r e f r a c t i o n  of t h e  c o v e r s l i d e  
material  by S n e l l ' s  law: 



BELLCOMM, INC. - 13- 

s i n  - = index of  r e f r a c t i o n  s i n  x 

For t h e  fused  s i l i c a  c o v e r s l i d e s  used i n  AAP, t h e  index of 
r e f r a c t i o n  averages 1 . 4 7  over t h e  wave l e n g t h s  of i n t e r e s t .  

A t  normal inc idence ,  equat ion  ( 6 )  reduces through 
s m a l l  ang le  approximations t o  

2 Percen t  loss  a t  = , ( index  of r e f r a c t i o n  -1) 

( index  of r e f r a c t i o n  +1) normal inc idence  2 (7 )  

which,  when eva lua ted ,  g ives  a 3 . 6 3 %  loss. Applying t h i s  loss 
t o  (4a) and ( 4 b )  g ives  r a t e d  so la r  a r r a y  power o u t p u t s  a t  normal 
inc idence  t h a t  would be lower than  t h e  MSFC publ i shed  c a p a b i l i t i e s  
by approximately t h e  amount of  t h e  loss. Presumably, therefore, 
t h e  loss due t o  r e f l e c t i o n  a t  normal inc idence  i s  a l r eady  inc luded  
i n  (4a) and (4b) through t h e  assumed conversion e f f i c i e n c y  of  1 0 % .  
This  presumption i s  supported by t h e  f a c t  t h a t  10 ohm-cm N on 
P s i l i c o n  cel ls  c h a r a c t e r i s t i c a l l y  have a conversion e f f i c i e n c y  
of approximately 10 .5%.  I n  t h i s  s tudy ,  therefore, t h e  degraded 
t r a n s m i t t a n c e  of t h e  c o v e r s l i d e  due t o  r e f l e c t i o n  a t  t h e  cover- 
s l i de - space  i n t e r f a c e  has  been normalized t o  1 0 0 %  a t  normal 
inc idence .  
i n  p e r c e n t  i s  

The normalized t r a n s m i t t a n c e ,  1-reflective loss ( l - L R ) ,  

(8) 
1 0 0 %  - percen t  l o s s  by ( 6 )  

'O0% ( l - L ~ )  = 100% - percen t  loss  a t  normal inc idence  by ( 7 )  

The normalized t r ansmi t t ance  i s  p l o t t e d  i n  F igure  5 vs t h e  ang le  
of inc idence .  

l-LD: 

The s o l a r - t o - e l e c t r i c a l  power conversion e f f i c i e n c y  of 
so la r  cells  degrades due t o  environmental  r a d i a t i o n .  
of t h e  c o v e r s l i d e s  i s  t o  m i n i m i z e  t h i s  degrada t ion ,  b u t  t hey  do 
n o t  e l i m i n a t e  it. The t i m e  dependent degrada t ion  used i n  AAP 
has  been l e g i s l a t e d  a t  1 / 2 %  p e r  month. The term LD i n  equat ion  

The purpose 
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(1) is t h e r e f o r e  simply 0 .005  d where d i s  t h e  t i m e  i n t o  t h e  
mission i n  months. 

l ' L D  = 1 - 0 . 0 0 5  d 

1-Ls : 

This  term accounts  f o r  t h e  deg rada t ion  i n  power o u t p u t  
of t h e  AM solar  a r r a y s  due t o  shading by t h e  ATM a r r a y .  

- Shaded Area o f  S o l a r  Array 
Total  Area of Solar Array 

- 
LS 

L 

s i n c e  t h i s  a r r a y  i s  never shaded du r ing  t h e  p o r t i o n  of t h e  o r b i t  
where cos X i s  p o s i t i v e .  

is equa l  t o  zero when c a l c u l a t i n g  power a t  t h e  ATM a r r a y  S 

Shading of t h e  AM a r r a y s  by t h e  ATM a r r a y  i s  a f u n c t i o n  
of t h e  sun angle ,  B ,  and t h e  o r b i t a l  p o s i t i o n  angle ,  n .  A com- 
p u t e r  program (documented i n  Reference 6 )  which c a l c u l a t e s  
shading  of t h e  AM a r r a y s  has  been  used t o  o b t a i n  t h e  d a t a  re- 
q u i r e d  fo r  t h i s  s tudy .  This program i s  used as a subrou t ine  i n  
t h e  more g e n e r a l  computer program used t o  c a l c u l a t e  i n s t an taneous  
power produced by t h e  solar  a r r ays .  

F igure  6 A  i l l u s t r a t e s  t h e  r a t i o  of unshaded area 
t o  t h e  t o t a l  area ( i . e . ,  l -Ls )  of t h e  AM so la r  a r r a y s  as a 
f u n c t i o n  of  n f o r  B angles of O o ,  2 0 ° ,  4 0 ° ,  and 60'. F igure  
6 B  shows t h e  same r a t i o  for B ang les  of O o ,  - 2 0 ° ,  - 4 0 ° ,  and 
- 6 O O .  The s i g n  of B makes a d i f f e r e n c e  because o f  the  
d i f f e r e n c e  i n  t h e  Z l o c a t i o n  of t h e  two AM pane l s  (see F igure  
1). These data  apply for  the midnight a c q u i s i t i o n  a t t i t u d e  
p r o f i l e  where t h e  CSM i s  t h e  l agg ing  vehicle and shading occur s  
i n  t h e  l a t e r  p a r t  of t h e  s u n l i t  p o r t i o n  of t h e  o r b i t ,  roughly 
between 0 ang les  of - S o  and + 8 0 °  f o r  m e d i u m  and s m a l l  sun 
angles .  For large B ang les  ( B  > SO') ,  t h e  p o r t i o n  of t h e  o r b i t  
du r ing  which shading  occurs  is  cons iderably  less. 

I f  an a t t i t u d e  p r o f i l e  i s  used t h a t  r e s u l t s  i n  t h e  
o p p o s i t e  v e h i c l e  o r i e n t a t i o n ,  t h a t  is wi th  t h e  CSM t h e  l e a d i n g  
vehicle,  t h e  a r r a y  shadowing w i l l  occur  i n  t h e  oppos i t e  ha l f  o f  
t h e  o rb i t .  Shadowing data fo r  t h i s  case can be taken  d i r e c t l y  
f r o m  F igu res  6 by r e v e r s i n g  t h e  s i g n s  on t h e  17 scale and t h e  B 
angle .  
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Notice from F igure  6 t h a t  t h e r e  i s  no r e a d i l y  
p r e d i c t a b l e  o r  c o n s i s t e n t  pat tern t h a t  t h e  shaded area fo l lows  
as a func t ion  of 6 angle .  
t h e  s i t u a t i o n .  
causes  a s e q u e n t i a l  shading  of t h e  AM panels  as t h e  C l u s t e r  
changes i t s  o r b i t a l  p o s i t i o n .  The unequal displacements  of t h e  
t w o  AM pane l s  from t h e  p l ane  of t h e  ATM a r r a y  a l s o  add t o  t h e  
effect  of non-symmetric shading p a t t e r n s .  A s  can be seen f r o m  
F igu re  6 ,  w o r s t  case shading occur s  f o r  s m a l l  B angles .  The 
maximum shading of t h e  AM a r r a y s  occur s  f o r  o r b i t a l  p o s i t i o n  
angles  between 4 0 °  and 50°. A t  t h i s  p o i n t  i n  t h e  o r b i t ,  approxi- 
mately 30% of t h e  t o t a l  area of the  AM a r r a y s  i s  shaded. 

T h i s  r e s u l t s  from t h e  geometry of 
The cruciform p a t t e r n  of t h e  ATM solar  a r r a y  

V. SOLAR ARRAY ENERGY OUTPUT 

The energy o u t p u t  of t h e  solar  a r r a y  between t h e  t i m e  
tl and t h e  t i m e  t2 i s  simply the i n t e g r a l  of (1) over t h e  t i m e  
increment  

S ince  t i m e  and o r b i t  p o s i t i o n  ang le ,  n ,  are rela-ed approximately 
by a c o n s t a n t  given by ( 3 )  , 

f 
2 1 T  t 

'AVG 

w e  can express  t h e  energy ou tpu t  of t h e  a r r a y  as: 

'SA 
- - -  TSAVG ['2 

'SA 2a  

I n  t h e  e a r t h  r e sources  mission mode, t h e  a r r a y  sees t h e  sun 
o n l y  between o r b i t a l  6 a .m.  and o r b i t a l  6 p.m. 
i n  a s i n g l e  o r b i t  i s  

The energy o u t p u t  
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T n/2 

WSAO - - -I,,, 'AVG 271 'SA dn  

I 
I 

Because of  t h e  complexi t ies  in t roduced  i n t o  PSA by t h e  tempera ture ,  
t i m e  i n t o  t he  miss ion ,  c o v e r s l i d e  r e f l e c t i o n ,  and a r r a y  shadowing, 
(14) must be i n t e g r a t e d  numerical ly .  A rough approximation f o r  
t h e  p e r - o r b i t  energy o u t p u t ,  which i s  u s e f u l  i n  determining 
t r e n d s  f o r  d i f f e r e n t  6 ' s  o r  d i f f e r e n t  a t t i t u d e  p r o f i l e s ,  can  be  
made by n e g l e c t i n g  a l l  terms of 
i n g  T as a cons t an t .  Then 

Tc 
% -AVG 

WSAO 71 

(1) excep t  P N ( T )  cos X and treat-  

P N ( T )  cos B (15) 

The accuracy of  t h e  r e s u l t  by (15)  depends s t r o n g l y  on 
t h e  assumed c o n s t a n t  temperature ,  T. With T a t  lOOOF and 8=0, 
(15) g i v e s  a r e s u l t  4 . 8 %  higher  than t h e  m o r e  a c c u r a t e  ATM energy 
o u t p u t  p r e d i c t e d  by (14). 

V I .  POWER SYSTEM ENERGY PROFILE 

The t o t a l  e l e c t r i c a l  energy used (and l o s t  through 
i n e f f i c i e n c i e s )  du r ing  t h e  mission cannot  be greater than  t h e  
t o t a l  energy o u t p u t  of t h e  s o l a r  a r r a y s  p l u s  t h e  i n i t i a l  stored 
energy i n  t h e  b a t t e r i e s .  F u r t h e r ,  t o  i n s u r e  cont inuous capa- 
b i l i t y  t o  supply loads,  t h e  stored energy must a t  no t i m e  reach  
zero.  The SWS w i l l  be launched wi th  a l l  b a t t e r i e s  f u l l y  charged. 
Once t h e  solar i n e r t i a l  a t t i t u d e  i s  acqui red ,  normal o p e r a t i n g  
c o n d i t i o n s  w i l l  pe rmi t  f u l l  recharge of  a l l  b a t t e r i e s  du r ing  
t h e  s u n l i t  p o r t i o n  of t h e  o r b i t ,  and depth of d i scha rge  (DOD) 
of  t h e  b a t t e r i e s  du r ing  t h e  dark  p o r t i o n  of  t h e  o r b i t  w i l l  n o t  
normally be beyond 30%.  Higher  l oads  o r  l o w e r  s o l a r  a r r a y  out -  
p u t  a r e  o c c a s i o n a l l y  accep tab le  as long as t h e  s t o r e d  energy does 
n o t  vanish .  Subsequent t o  t h e  occurance of  such c o n d i t i o n s ,  t h e  
batteries must be allowed t o  recover  so t h e  long-term energy 
ba lance  requirement  w i l l  be m e t .  

The ear th  resources  miss ion  mode i s  an example of a 
c o n d i t i o n  where t h e  so la r  a r r a y  ou tpu t  i s  s u b s t a n t i a l l y  below 
t h e  o u t p u t  i n  t h e  solar  i n e r t i a l  mode. I n  t h i s  a t t i t u d e ,  it i s  
u n l i k e l y  t h a t  energy c a n  be balanced on an orbi t - to-orbi t  b a s i s .  
That  i s ,  i t - i s  l i k e l y  t h a t  t h e  bat ter ies  w i l l  n o t  r e t u r n  t o  
100% state of charge each o r b i t .  I n  t h i s  s e c t i o n ,  t h e  method 
f o r  de t e rmina t ion  of t h e  b a t t e r y  s ta te  of charge a f t e r  some 
number of  o rb i t s  i n  t h e  e a r t h  r e sources  mode i s  given.  From t h i s ,  
w e  can s ta te  t h e  c a p a b i l i t i e s  of t h e  power systems dur ing  e a r t h  
r e s o u r c e s  experimentat ion.  
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(ATM ONLY) 
BATTERY 

BB 

,CHARGER [BYPASS (ATM ONLY) 

LOAD 

PL 

FIGURE 7 - SOLAR ARRAYIBATTERY ELECTRICAL POWER SYSTEM 

Figure  7 is  a s i m p l i f i e d  schematic  of a s o l a r  a r r a y /  
b a t t e r y  power system. 
o u t p u t ,  and PL i s  t h e  in s t an taneous  load  on t h e  system. When 

t h e  load, i n c r e a s e d  by t h e  power l o s t  i n  t h e  d i s t r i b u t i o n  system 
and t h e  r e g u l a t e r ,  is g r e a t e r  than  t h e  a r r a y  o u t p u t ,  there is  
over  a t i m e  A t  a n e t  loss of energy from t h e  b a t t e r y .  

PSA is t h e  in s t an taneous  s o l a r  a r r a y  

w L o s s  = (&- ’SA) At 

I f  t h e  a r r a y  o u t p u t  exceeds t h e  demand, t h e r e  i s  a g a i n  i n  
energy i n  t h e  b a t t e r y ,  

where n c  and n B  account  f o r  t he  power l o s t  i n  t h e  cha rge r  and 
b a t t e r y .  The d e f i n i t i o n s  and va lues  of  t h e  e f f i c i e n c i e s  f o r  
t h e  t w o  systems are given i n  t h e  fo l lowing  t a b l e .  
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AM ATM 

= cha rge r  e f f i c i e n c y  .95 .96  

= b a t t e r y  charge u t i l i z a t i o n  
‘IC 

‘IB or  w a t t  hour e f f i c i e n c y  .677 .70 

= d i s t r i b u t i o n  e f f i c i e n c y  .826 .877 

= r e g u l a t o r  e f f i c i e n c y  .95 .875 
OD 

‘IR 

The va lue  of  t h e  d i s t r i b u t i o n  e f f i c i e n c y  f o r  t h e  AM accounts  
f o r  t h e  f a c t  t h a t  power is  supp l i ed  t o , t h e  load  from e i t h e r  
source  through t h e  charger .  This  i s  n o t  t h e  c a s e  i n  t h e  ATM. 

The change i n  b a t t e r y  s t a t e  of  charge over t h e  t i m e  
A t  i s  ob ta ined  by d i v i d i n g  t h e  change i n  energy,  g iven  by (16 )  
and ( 1 7 ) ,  by t h e  t o t a l  energy c a p a c i t y  of  t h e  b a t t e r y  system, . The t o t a l  capac i ty  of t h e  e i g h t  AM b a t t e r i e s  is  taken 
as 9108 watt-hours and t h e  e igh teen  ATM b a t t e r i e s  have a t o t a l  
c a p a c i t y  of  9936 watt-hours.  

wCAP 

To t r a c k  t h e  b a t t e r y  s t a t e  of charge,  it i s  f i r s t  
i;ecessary t o  determine whether exergy i s  be ing  g a i m d  or lost, 
b u t  t h i s  simply e n t a i l s  p ick ing  t h e  p o s i t i v e  r e s u l t  of (16) o r  
( 1 7 ) .  
a t e l y  added t o  or  sub t r ac t ed  f r o m  t h e  s ta te -of -charge  a t  t h e  
beginning of  t h e  pe r iod  A t .  Continuing t h i s  process  over t i m e  
w i l l  give a t i m e  p r o f i l e  of t h e  b a t t e r y  s ta te  of charge.  The 
on ly  r e s t r i c t i o n  is t h a t  t he  s t a t e  of charge must be w i t h i n  
t h e  l i m i t s  0 L SOC 1 ( i .e . :  0 - < SOC - < 1 0 0 % ) .  

p r o f i l e  i s  n o t  o f  as much i n t e r e s t  as t h e  minimum s t a t e  of 
charge  t h a t  occurs. S p e c i f i c a t i o n  of a minimum allowable SOC 
i s  needed be fo re  t h e  c a p a b i l i t y  o f  t h e  system t o  suppor t  t h e  
experiment  mode can be s t a t e d .  

That r e s u l t  i s  then  d iv ided  by t h e  c a p a c i t y  and appropri-  

I n  t h e  ear th  resources  mode, t h e  e n t i r e  s ta te -of -charge  

I f  t h e  system load i s  c o n s t a n t ,  o r  a t  l eas t  r e p e t i t i v e  
from o r b i t  t o  o r b i t ,  t h e  m i n i m u m  SOC can be c a l c u l a t e d  wi thout  
c a l c u l a t i n g  t h e  e n t i r e  SOC p r o f i l e .  This  can be b e s t  expla ined  
w i t h  t h e  h e l p  of F igure  8 ,  which i s  i l l u s t r a t i v e  of a t w o -  
o r b i t  e a r t h  r e sources  sequence. On F igure  8, f o u r  p o i n t s  are 
numbered. P o i n t  7 i s  t h e  p o i n t  i n  t h e  o r b i t  where t h e  space- 
c r a f t ,  which i s  i n  t h e  s o l a r  i n e r t i a l  mode, e n t e r s  e a r t h  shadow. 
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The va lue  o f  q a t  p o i n t  1,  c a l l e d  qeS ( fo r  ear th  shadow) i n  

Reference 3 ,  is  dependent on f3 and the  a l t i t u d e  of  t h e  o r b i t .  
It  i s  g iven  by: 

‘les = cos -l (-7/qq#kos 6 )  

where R i s  t h e  r a d i u s  of t he  earth and H i s  the  a l t i t u d e  o f  t he  
o r b i t .  i f  t h e  numerator 

of t h e  argument of t h e  arc-cosine of (18) i s  greater than  t h e  
denominator,  rleS i s  t o  be taken as 180°,  f o r  i n  t h i s  case, t h e  

vehicle i s  c o n s t a n t l y  i n  s u n l i g h t .  For t h e  range of  13 s t u d i e d  
here and the  nominal AAP a l t i t u d e  of 235 NM, there w i l l  always 
be ear th  shadow. 

neS i s  l i m i t e d  t o  90°  < qeS - < 1 8 0 O ;  

SUN 
P o i n t s  2 and 3 are t h e  p o i n t s  
where t h e - l o a d ,  PL, i s  e x a c t l y  
equal  t o  t h e  a r r a y  ou tpu t  
t i m e s  t h e  r e g u l a t o r  and d i s t r i -  
bu t ion  e f f i c i e n c i e s ,  PSAqRnD. 

A t  p o i n t  2 ,  t h e  b a t t e r i e s  cease 
t o  d i scha rge  and begin t o  
charge;  a t  p o i n t  3 ,  t h e  oppo- 
s i t e  occurs. Even w i t h  a 
cons t an t  load, p o i n t s  2 and 3 
a r e  no t  symmetric about  q = O  
(noon) because of  t h e  non- 
symmetry i n  t h e  a r r a y  tempera- 
t u r e  p r o f i l e  and, i n  t h e  case 
of t h e  AM a r r a y ,  t h e  non- 
symmetry i n  shadowing. 

FIGURE 8 

P o i n t  4 i s  t h e  p o i n t  where t h e  v e h i c l e  leaves ear th  shadow having 
r eacqu i red  t h e  solar  i n e r t i a l  a t t i t u d e ,  and t h e  a r r a y s  a b r u p t l y  
begin  d e l i v e r i n g  more power than  t h e  load r e q u i r e s .  Neglec t ing  
t h e  s m a l l  change i n  6 over  thz pe r iod  i n  t h e  e a r t h  r e sources  
miss ion  mode, p o i n t  4 and p o i n t  1 a r e  symmetric about q=O. 
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The segments of t h e  o r b i t  determined by t h e  p o i n t s  
j u s t  de f ined  are p e r i o d s  when energy i s  e i t h e r  l o s t  o r  ga ined  
by t h e  b a t t e r i e s .  Between p o i n t s  1 and 2 ,  t h e  energy l o s t  i s  

wLoss 1 - 2  =12(& - 'SA) dt 

and t h e  p e r c e n t  decrease i n  s ta te  of charge i s  

'LOSS 1 - 2  AC, = 1 0 0  x _ _  
I - Z  

The energy gained between 

- - 
W~~~~ 2 - 3  

CAP W 

2 and 3 i s  I' 'C'B ('SA - &) dt 

and t h e  pe rcen t  i n c r e a s e  i n  s ta te  of charge i s  

= 1 0 0  x 'GAIN 2 - 3  
WCAP A c 2 - 3  

We can s i m i l a r l y  d e f i n e  AC3-2 and AC3-4 a s  t h e  p e r c e n t  dec reases  
i n  s t a t e  of charge between p o i n t s  3 and 2,and 3 and 4 ,  r e spec t ive -  
1 Y  * 

It i s  assumed t h a t  a t  p o i n t  1 ,  t h e  i n i t i a l  s t a t e  of 
charge i s  1 0 0 %  s i n c e  t h e  v e h i c l e  has  j u s t  completed a f u l l  s u n l i t  
pas s  i n  t h e  solar i n e r t i a l  a t t i t u d e .  With t h i s  i n i t i a l  cond i t ion ,  
v a l u e s  for t h e  f o u r  A C ' s  def ined  above, and a s p e c i f i e d  number 
of o r b i t s  ( N )  i n  t h e  e a r t h  resources  mission mode, it i s  a s imple 
m a t t e r  t o  determine t h e  minimum s t a t e  of charge t h a t  t h e  b a t t e r i e s  
reach.  There  are, however, s e v e r a l  cases t h a t  must be examined: 

a )  If 5 3  L A C 3 - 2 '  then  t h e  system i s  o p e r a t i n g  a t  o r  
below i t s  cont inuous power c a p a b i l i t y .  
r e g a i n  the i r  f u l l  s ta te  of charge. 
o r b i t  b u t  t h e  f i r s t  one and i s  

Every o r b i t  t h e  b a t t e r i e s  
The same minimum occurs  every  

(19-a) 
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b )  If AC1-2 - < A C 2 - 3  < A C 3 L 2 ,  t hen  t h e  batteries w i l l  
r e t u r n  t o  1 0 0 %  SOC a t  p o i n t  3 af te r  t h e  f i r s t  experiment p a s s ,  
b u t  n o t  t h e r e a f t e r .  
a t  one of two p laces .  

The m i n i m u m  s ta te  of charge  might occur  

b-1) I f  A C 2 - 3  > A C 3 - 4 ’  t h e n  t h e  minimum w i l l  occur  a t  
p o i n t  2 j u s t  before t h e  l a s t  experiment pas s  and w i l l  be 

= 1 0 0  - ( N - 1 )  A C 3 - 2  + ( N - 2 )  A c 2 - 3  (19b-1) ‘MIN 

b-2 )  
4 and w i l l  be 

I f  A C 2 - 3  - < A C 3 - 4 ,  t h e  minimum w i l l  occu r  a t  p o i n t  

c)  If AC1-2 > A C 2 - 3 ,  t he  b a t t e r i e s  w i l l  n o t  r e t u r n  t o  
100% SOC a t  p o i n t  3 .  A s  i n  b ,  w e  must t r e a t  t w o  p o s s i b l e  cases. 

t h e  minimum occur s  b e f o r e  t h e  l a s t  c-1) I f  AC2,3  ’ A C 3 - 4  
experiment pas s  

t h e  minimum w i l l  occur  j u s t  bef re 9 C-2)  If A C 2 - 3  1. A C 3 - 4 1  

t h e  v e h i c l e  e n t e r s  s u n l i g h t  a f t e r  t h e  e a r t h  r e source  sequence\. 

Cases b-2 and c-1 would n o t  have t o  be inc luded  i f  A C l - 2  and 

b i l i t y  of  these cases could  n o t  be s a t i s f i e d .  

were e x a c t l y  equal .  The necessary  c o n d i t i o n s  f o r  app l i ca -  AC3-4  
and AC3-4 
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would be equa l  i f  temperature and shadowing p r o f i l e s  were 
symmetric about  n=O. Given one se t  of  tempera ture  and shadowing 
p r o f i l e s ,  w e  can say  t h a t  i t  i s  p o s s i b l e  f o r  on ly  one of  t h e s e  
c a s e s  t o  occur .  
requirement  over  which it w i l l  occur  i s  sma l l ,  because t h e  
v a l u e s  of AC1-z and AC3-4 w i l l  be c l o s e .  

W e  can a l s o  say  t h a t  t h e  range of power 

V I I .  RESULTS 

P r e s e n t a t i o n  of  power system c a p a b i l i t i e s  f o r  the  
e a r t h  r e sources  mission mode i s  complicated by t h e  l a r g e  number 
of v a r i a b l e s  t h a t  e n t e r  t h e  c a l c u l a t i o n s .  As t h e  e a r t h  r e sources  
experiments w i l l  be opera ted  only  for  a s h o r t  t i m e  over  t h e  sun- 
lit e a r t h ,  it is l o g i c a l  t o  s p e c i f y  PL ( r e q u i r e d  t o  e v a l u a t e  (16 )  
and ( 1 7 ) )  a s  a p r o f i l e  t h a t  peaks when t h e  experiments  are on. 
I n  t h i s  a n a l y s i s ,  w e  have taken t h e  peak as 1070 w a t t s  f o r  t e n  
minutes cen te red  about  noon, which amounts t o  an o r b i t a l  average 
requirement  of 1 1 4  wa t t s .  In  doing so, however, w e  a r e  forced  
t o  s p e c i f y  which system, AM o r  ATM, i s  t o  power t h e  experiments.  
Both cases have been analyzed. For each case, w e  are s t i l l  faced  
w i t h  t h e  problem of d i s p l a y i n g  t h e  r e l a t i o n s h i p  between 

t h e  minimum b a t t e r y  s ta te -of -charge ,  

' t h e  power requirement f o r  eve ry th ing  else, PL, 

t h e  ang le  8 ,  

t h e  number of experiment p a s s e s ,  N ,  

and t h e  t i m e  i n t o  the  mis s ion ,  d . 
The l a s t  v a r i a b l e  l i s t e d ,  d ,  has  t h e  least  e f f e c t  on 

performance, and w e  w i l l ,  f o r  t h e  t i m e  be ing ,  e l i m i n a t e  it by 
s p e c i f y i n g . t h a t  it i s  t h e  beginning of t h e  mis s ion .  W e  w i l l  
a l s o  f o r g e t  t h e  very  s m a l l  d i f f e r e n c e  i n  AM power o u t p u t  between 
cases where 8 i s  of  t h e  same magnitude b u t  of  d i f f e r e n t  s i g n ,  
which i s  due t o  t h e  s l i g h t l y  d i f f e r e n t  sb.adowing p r o f i l e .  To 
t h e  accuracy wi th  which t h e  fo l lowing  curves  can be p l o t t e d  and 
r ead ,  t h e  s i g n  of B i s  immaterial .  Then f o r  a g iven  system, 
a g iven  B ,  and a choice a s  t o  which system powers t h e  experiments ,  
w e  can p r e s e n t  a set of curves l i k e  t h o s e  of F igure  9. These 
p a r t i c u l a r  curves  r e l a t e  t h e  m i n i m u m  b a t t e r y  s ta te -of -charge  t o  
t h e  average power requirement i n  t h e  AM system, which i n c l u d e s  
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t h e  1 1 4  w a t t  average experiment requirement* f o r  one through 
f i v e  and 1 0  consecut ive  experiment passes .  For more than  one 
consecut ive  p a s s ,  t h e  curves  a l l  i n t e r s e c t  a t  a power requirement  
of approximately 2.1 kw. This i s  t h e  cont inuous power c a p a b i l i t y  
a t  B = O ,  beginning of l i f e .  Equation ( 1 9 a )  f o r  CMIN a p p l i e s  a t  
lower power requirements ,  and (19b-1) a p p l i e s  t o  approximately 
t h e  p o i n t  where a l l  curves  bend downward. T h i s  bend occurs  when 
“c7-2, q - 3 ’  and “3-4 (see page 23) a r e  a l l  approximately equal .  
A t  h i g h e r  power l e v e l s  (19c-2) gives CMIN. 

F igu res  1 0  and 11 f o r  t h e  AM are f o r . i d e n t i c a 1  condi- 
t i o n s  excep t  f o r  B ,  which i s  s ta ted  on t h e  F igures .  N o t e  t h a t  
f o r  g iven  m i n i m u m  s ta te -of -charge  and number of p a s s e s ,  t h e  
power c a p a b i l i t y  decreases w i t h  i n c r e a s i n g  B .  T h i s  sugges t s  
ano the r  way t o  p l o t  t h e  d a t a ,  namely t h a t  o f  F igure  12. T h i s  
p l o t  shows t h e  average power c a p a b i l i t y  vs f3 and N i f  t h e  minimum 
s t a t e  o f  charge i s  pe rmi t t ed  t o  drop t o  40%. 

Figure  13 is  l i k e  t h e  former p l o t s  t h a t  show minimum 
s t a t e  o f  charge v s  t h e  power requirement ,  b u t  i s  for  t h e  ATM 
system a t  B = 3 O 0 .  

d a t a  w a s  c o n s t a n t  over an o r b i t ;  t h a t  i s ,  it inc luded  no i n c r e a s e  
around noon f o r  experiment requirements.  I t  t h e r e f o r e  complements 
t h e  ear l ier  AM data,  which d id  i n c l u d e  the peaks. 

The power requirement,PL, used t o  g e n e r a t e  t h i s  

The dashed l i n e s  on the  curves j u s t  r e f e renced ,  a t  an 
AM average power of 2454 w a t t s  and an ATM average power of 2022 
w a t t s ,  correspond t o  e s t ima tes  of t h e  minimum average power 
t h a t  might s a t i s f y  requirements  du r ing  t h e  ear th  r e sources  mission 
mode. The AM requirement i nc ludes  t h e  114 w a t t  average r equ i r e -  
ment of t h e  experiments.  A s  there i s  p r e s e n t l y  much disagreement  
and/or u n c e r t a i n t y  concerning AAP mission power requirements ,  
t h e s e  estimates should be considered as examples o f  how t h e  
c h a r t s  can be used t o  s t a t e  system c a p a b i l i t i e s .  For i n s t a n c e ,  
f r o m  ei ther Figure  11 o r  F igure  12, w e  can s t a t e  t h a t  the  AM system 
i s  capable  of t w o  consecut ive experiment pas ses  a t  a 2454 w a t t  
average reduced requirement w i t h  f3 up t o  60° i f  t h e  maximum depth  
of  d i scha rge  i s  pe rmi t t ed  t o  reach  60%. 

I f  t h e  experiments  a r e  powered by t h e  ATM rather  than  
t h e  AM, o r  if (as now planned) t h e  systems are ope ra t ed  i n  
p a r a l l e l ,  w e  can s ta te  t h a t  three consecut ive  pas ses  are f e a s i b l e  
a t  t h e  reduced estimated power l e v e l s .  I f  t h e  b a t t e r y  depth-of- 
d i scha rge  i s  l i m i t e d  t o  50%, t h e n  f3 must be below 42O; i f  60% 

*PL f o r  t h e  AM for  t h i s  case i s  t h e  average power requirement  
less 114 w a t t s  except  for  t h e  1 0  minutes cen te red  about  noon, when 
it i s  t h e  average p l u s  956 wat ts .  
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DOD i s  pe rmi t t ed ,  B can be up t o  5 0 ° ,  and i f  th ree-pass  c a p a b i l i t y  
over  t he  f u l l  range of (up t o  6 0 ° )  i s  d e s i r e d ,  t h e n  t h e  
b a t t e r i e s  must be pe rmi t t ed  t o  d i scha rge  by 70% of  t h e i r  capa- 
c i t y .  Such s t a t emen t s  are c l e a r l y  dependent on the assumed power 
requirement.  For a h ighe r  power requi rement ,  t h e  c a p a b i l i t y  i n  
terms of number of consecut ive  o r b i t s  o r  range of i s  less. 

L e t  u s  now look a t  t h e  effect  of l i f e t i m e  on t h e  power 
c a p a b i l i t y .  The t o t a l  l i f e  of AAP Workshop I i s  t o  be e i g h t  
months. F igure  1 4  shows t h e  m i n i m u m  s ta te -of -charge  a f t e r  three 
experiment p a s s e s  v s  a t  t h e  beginning of l i f e  and a t  t h e  end 
of l i f e  f o r  a 2400 w a t t  load on t h e  AM. W e  observe t h a t  t h e  
dec rease  i n  t h e  minimum state  of charge due t o  s o l a r  c e l l  degrada- 
t i o n  ( d i f f e r e n c e  between curves)  i s  less a s  t h e  m i n i m u m  s t a t e  o f  
charge i t s e l f  dec reases  (as B i n c r e a s e s ) .  T h i s  i s  l o g i c a l ;  a s  
B increases the b a t t e r i e s  supply more and t h e  s o l a r  a r r a y s  supply 
less of t h e  same t o t a l  ene rgy ,  and only  t h e  a r r a y s  a r e  a f f e c t e d  
by r a d i a t i o n  damage. 

70 r 

vu BEGINNiNG OF iiFE 
\ (8 MONTHS) 50 t 

10 
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I I I I I I 

FIGURE 14 - EFFECT OF SOLAR CELL DEGRADATION 
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VIII. SUMMARY AND DISCUSSION 

It is impossible to firmly state the capability of 
the AAP power systems to support the earth resources mission 
mode in terms of number of consecutive orbits and limits on 8 
without knowing exactly both the minimum power requirement and 
the maximum permissible battery depth of discharge. When these 
numbers are known, however, one need only go to the curves 
generated in this study to accurately determine the capability. 
If the estimated minimum power requirements given in the last 
section are close, then it is fairly safe to say that two, and 
perhaps three consecutive earth resources passes are feasible 
without severe restrictions on 6.  

In determining the permissible battery depth of 
discharge, we must realize that the specified level will be 
reached infrequently, and possibly never. Assuming a constant 
power requirement in the earth resources mode, a specified 
limit on battery DOD will be reached only when 1 6 1  is at an 
associated upper operational limit. For instance, 7 0 %  might 
be specified as an acceptable DOD when I B I  = 60°, which is the 
experimental limit due to ground lighting restrictions. However, 
we would not expect the batteries near 70% DOD very often simply 
because 1 6 1  is seldom in the neighborhood of 60'. With the 
initial conditions used to generate Figure 3, 
occur only four times during the life (eight months) of the 
Workshop mission, and not at all during the first 4-1/2 months. 
In the first manned mission (28 days), I B I  will not get larger 
than about 32' .  

! B !  = 60' will 

Observation of Figures 10 and 11 shows that a power 
requirement that results in two-orbit minimum state of charge 
of 3 0 %  ( 7 0 %  DOD) at B = 60' does not require even a 50% discharge 
at B = 30'. The same calculation for three orbits gives a dis- 
charge less than 3 5 %  at B = 30'. From these considerations, 
plus the fact that even if it did occur a few times it would not 
be damaging, specification of a maximum permissible battery depth 
of discharge of 70% at 181  = 60' does not appear unreasonable. 

If the targets for earth resources experimentation are 
all in the latitude range of 30'N to 50'N (i.e. the U . S . A . ) ,  
then the plus-Z Cluster axis is not the optimum location for 
the experiments. when the limits on the subsolar point, deter- 
mined by target lighting constraints and the tropics, are plotted 
relative to the ground track, it is found that B will be pre- 
dominantly of one sign. The subsolar point will usually be 
south of the sunlit ground track, which is equivalent to a 
negative B .  Figure 15 indicates why, under these circumstances, 
an experiment location away from the plus-Z toward the minus-Y 
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a x i s  by 2 0 °  t o  30° would be b e t t e r .  
p o i n t i n g  ang le ,  X i n  Equation (l),  be  less, b u t  t h e  a r r a y s  
w i l l  be s u n l i t  f o r  more than  h a l f  t h e  o r b i t ,  assuming t h e  
experiments  are c o n t i n u a l l y  aimed a long  t h e  local ver t ica l .  

N o t  only w i l l  t h e  average 

EXPT ON + Z BETTER LOCAT ION 

FIGURE 15 - ALTERNATE EXPERIMENT LOCATION FOR U.S.A. T A R G G S  
Der iva t ion  of t h e  optimum angle  f o r  p o s i t i o n i n g  t h e  experiments  
vs  i s  t h e  i d e n t i c a l  problem t h a t  i s  d i scussed  as t h e  Fixed 

problems, w e  have one s p a c e c r a f t  a x i s  po in t ed  d i r e c t l y  down and 
are op t imiz ing  t h e  p o s i t i o n  of t h e  a r r a y s  r e l a t i v e  t o  t h a t  a x i s  
w i t h  an angu la r  degree  of freedom about  a l i n e  tangent  t o  the 
o r b i t .  

D a l l  nuII Case i n  Reference 3 .  O m  oiily need recognize  t h a t ,  i n  Goth 

If t a r g e t s  f o r  t h e  e a r t h  r e sources  experiments are 
e q u a l l y  d i s t r i b u t e d  n o r t h  and sou th  of t h e  equator ,  then  t h e  
optimum experiment p o s i t i o n  i s  a long  t h e  plus-Z a x i s .  
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APPENDIX A 

NOON-TO-NOON SATELLITE PERIOD 

The pe r iod  of a s a t e l l i t e  i n  a c i r c u l a r  o r b i t  about 
a s p h e r i c a l  e a r t h  i s  g iven  by: 

To = 271 q- A- 1 

where : R i s  t h e  r a d i u s  of t h e  e a r t h  = 3443.93 NM 

H i s  t h e  a l t i t u d e  of t h e  o r b i t  

P i s  t h e  e a r t h ' s  g r a v i t a t i o n a l  c o n s t a n t  = 

4 . 6 8 4 2 7 0 1 0 ~ ~  NM3/Day 2 

When t h e  e a r t h ' s  ob la t eness  i s  cons idered  t o  t h e  o r d e r  
of t h e  dominant o b l a t e n e s s  parameter,  J ,  t h e r e  i s  no longer  
a unique pe r iod  f o r  a s a t e l l i t e .  
a r e  t h e  anomal i s t i c  (per igee- to-per igee)  and t h e  nod ica l  (node- 
to-node).  There i s  a t h i r d  p e r i o d ,  which w e ' l l  c a l l  t h e  noon- 
to-noon p e r i o d ,  t h a t  g i v e s  the  t i m e  r e q u i r e d  f o r  t h e  s a t e l l i t e  
t o  p rogres s  from one o r b i t a l  noon t o  t h e  next .  This  is t h e  
p e r i o d  i n  which t h e  o r b i t  p o s i t i o n  ang le  used i n  t h i s  r e p o r t ,  TI, 

changes by 360O. 

Commonly used pe r iods  [A-1 ,  A-21 

I n  r e f e r e n c e  A-3, t h e  angle  J, i s  used t o  d e s c r i b e  t h e  
p o s i t i o n  of o r b i t a l  noon ( q = O )  r e l a t i v e  t o  t h e  ascending node 
o f  t h e  o r b i t .  The ang le  J, i n c r e a s e s  wi th  t i m e ,  b u t  n o t  l i n e a r l y ,  
?nd t h e r e f o r e  3, i s  n o t  cons t an t .  However, t h e  average va lue  of  
J, i s  shown t o  be t h e  d i f f e r e n c e  between t h e  ra te  of  t h e  e a r t h ' s  
r o t a t i o n  about t h e  sun ,  f ,  and t h e  o r b i t a l  r e g r e s s i o n  r a t e ,  A. 
That i s :  

= + - A  
J,AVG A- 2 

where ( f o r  c i r c u l a r  o r b i t s )  

A- 3 
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and 

wi th  J being t h e  f i r s t - o r d e r  o b l a t e n e s s  parameter = 1 . 6 2 3 4 0 1 0 - ~ ,  
and i t h e  o r b i t a l  i n c l i n a t i o n .  

= 360° /so lar  y e a r  = 0 .01720279  rad/day 

I? one noon-to-noon o r b i t ,  t h e  angle  $ i n c r e a s e s  on t h e  
average by $,, t i m e s  t h e  noon-to-noon per iod .  

$AVG 

However, s i n c e  . 
i s  a l r eady  t o  t h e  o r d e r  J ,  it i s  s u f f i c i e n t  t o  set . - 

'$AVG - $AVG To A- 4 

The t i m e  needed f o r  t h e  s a t e l l i t e  t o  t r a v e r s e  through A$AvG i s  
approximately 

A- 5 

where w o  i s  t h e  o r b i t a l  r a t e  based on a s p h e r i c a l  e a r t h  = 2n/T0.  

2 Thus : 
T O  - -  AT^^^ - QAVG A- 6 

i s  a measure of t h e  average a d d i t i o n a l  t i m e  r e q u i r e d  t o  h T ~ ~ ~  
reach  o r b i t a l  noon a f t e r  pas s ing  t h e  ascending node over  t h e  
t i m e  t o  t r a v e r s e  between t h e  same two p o i n t s  on t h e  preceeding 
o r b i t .  To o b t a i n  t h e  average noon-to-noon pe r iod ,  t h e  nod ica l  
p e r i o d  must be added. 

T = TN+ATAVG 
'AVG 

A- 7 

where T, is  t h e  average noon-to-noon pe r iod  and T,, i s  t h e  
~ 11 

fA-21  3~~~ 

n o d i c a l  p e r i o d ,  which is given t o  t h e  o r d e r  J by: 

A- 8 



BELLCOMM, INC.  A- 3 

Thus  t h e  average noon-to-noon p e r i o d  i s ,  t o  t h e  order J 

7 cos2 i-1 T 
'AVG 

A- 9 

The  values of these parameters for  a 235 NM a l t i t u d e ,  SO0 
i n c l i n a t i o n  o r b i t  are: 

= . 06478004  d a y s  = 1.5547209 hours 

= .06473644 d a y s  = 1 .5536745  h o u r s  

= . 00007073  d a y s  = .0016975 hours  

T O  

TN 

 AT^^^ 
T = . 06480717  d a y s  = 1.5553720 hours 

'AVG 
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Shadow 

A B S T R A C T  

Shading of t h e  SIVB s o l a r  a r r a y  by t h e  ATM a r r a y  has  
been determined for  any s p a c e c r a f t  a t t i t u d e  and p o s i t i o n  a s  
t h e  AAP C l u s t e r  t r a v e r s e s  the s u n l i t  p o r t i o n  of i t s  o r b i t .  
The pane l s  of t h e  ATM a r r a y  a r e  d iv ided  i n t o  sample a r e a s ;  t h e  
c e n t e r p o i n t  of each sample a rea  is  then  p r o j e c t e d  along t h e  
sun v e c t o r  t o  t h e  p l anes  of t h e  S I V B  s o l a r  a r r a y  wings. Pro- 
jected p o i n t s  l y i n g  wi th in  t h e  boundaries  of each wing a r e  
summed and converted t o  a percentage of t h e  t o t a l  a r r a y  a r e a  
t h a t  is  shaded. 

I n  t h e  e a r t h  r e sources  mission mode, shading of t h e  
SIVB a r r a y  fo l lows  no e a s i l y  p r e d i c t a b l e  p a t t e r n  as a f u n c t i o n  
of sun a n g l e  or o r b i t a l  p o s i t i o n .  I n  g e n e r a l ,  shading becomes 
worse as the  sun ang le  dec reases .  As much as 30% of SIVB s o l a r  
a r r a y  area i s  shaded for  certain sun ang le s  and p o s i t i o n s  i n  
o r b i t  d u r i n g  the  e a r t h  resources mode. 
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SUBJECT: Shading of t h e  AAP Workshop 
S o l a r  Array by t h e  ATM Array 

TECHNICAL MEMORANDUM 

1 . 0  INTRODUCTION 

DATE: March 3 1 ,  1970 

J. J. Sakolosky 

T h e  conf igu ra t ion  of t h e  AAP C l u s t e r  r e s u l t s  i n  
shading  of t h e  S I V B  solar pane l s  by t h e  ATM s o l a r  a r r a y  du r ing  
t h e  s u n l i t  p o r t i o n  of t h e  o r b i t .  The shaded p o r t i o n  of t he  
Workshop pane l s  i s  c o n s t a n t  and r e l a t i v e l y  i n s i g n i f i c a n t  (~~1.3%) 
when the  C l u s t e r  i s  i n  a s o l a r  i n e r t i a l  a t t i t u d e ,  and t h e  so la r  
a r r a y s  a r e  p o i n t i n g  d i r e c t l y  a t  t h e  sun. However, when t h e  
C l u s t e r  i s  o p e r a t i n g  i n  t h e  ea r th  r e sources  mode, v a r i a b l e  
shading  does occur  s i n c e  the  o r i e n t a t i o n  of t h e  solar  a r r a y s  
w i t h  r e s p e c t  t o  t h e  sun is  not  cons t an t .  I n  t h i s  a t t i t u d e ,  t h e  
v e h i c l e  r o l l  a x i s  i s  kept  i n  t h e  o r b i t a l  p lane  p a r a l l e l  t o  t h e  
v e l o c i t y  vector,  and t h e  p lanes  of t h e  s o l a r  a r r a y s  are main- 
t a i n e d  perpendicular  t o  t h e  o r b i t a l  plane.  The pe rcen t  of t h e  
SIVB a r r a y  t h a t  i s  shaded v a r i e s  w i t h  sun angle* and s p a c e c r a f t  
p o s i t i o n  i n  o r b i t  and can  be as high as 3 0 % .  T h i s  memorandum 
d i s c u s s e s  t h e  shading probiem and d e s c r i b e s  a computer p r o g r m  
which has  been w r i t t e n  t o  determine S I V B  a r r a y  shading by t h e  
ATM a r r a y .  
i s  i n  t h e  e a r t h  r e sources  a t t i t u d e  mode. 

Data are presented  for  the  case when t h e  AAP C l u s t e r  

2 . 0  CLUSTER C O N F I G U R A T I O N  AND RELATED COORDINATE SYSTEMS 

The AAP C l u s t e r  coord ina te  system ( X  sc, Yscl  Z s c )  i s  
i l l u s t r a t e d  i n  F igu re  1. 
p l a n e s  of t h e  ATM and S I V B  s o l a r  a r r a y s  w i t h  -Zsc ex tending  
outward f r o m  t h e  a c t i v e  s i d e  of t h e  a r r ays .  
a x i s  of t h e  C l u s t e r ;  t h e  CSM i s  located on t h e  p o s i t i v e  Xsc a x i s .  
The Ysc a x i s  completes t h e  r i g h t  hand coordinate system. 

system and other coord ina te  systems referred t o  i n  t h i s  memoran- 
dum are i l l u s t r a t e d  i n  Figure 2 .  The o r b i t  r e fe renced  coordi- 
n a t e  system (x0, yo, Z ) i s  de f ined  w i t h  Zo perpendicular  t o  

t h e  o r b i t a l  p lane ,  p o s i t i v e  i n  t h e  d i r e c t i o n  of t h e  s p a c e c r a f t  

The Zsc a x i s  i s  pe rpend icu la r  t o  t h e  

Xsc i s  t h e  r o l l  

The r e l a t i o n s h i p s  between t h e  s p a c e c r a f t  coo rd ina te  

*The sun angle ,  des igna ted  B ,  i s  t h e  minimum ang le  between 
t h e  sun v e c t o r  and t h e  o r b i t a l  plane.  (See Figure  2 . )  
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angu la r  v e l o c i t y  v e c t o r  ( n o r t h ) .  
s e c t i o n  of t h e  o r b i t  noon meridian p l ane  and t h e  o r b i t a l  p l a n e ,  
and Xo completes t h e  r i g h t  hand set. 
coord ina te  system (XLv, YLv, ZLv) has Z 

a t  an ang le  rl f r o m  t h e  noon meridian p lane .  Completing t h e  
r i g h t  hand system, the XLv a x i s  a lso l ies  i n  t h e  o r b i t a l  p lane .  

Yo i s  formed by t h e  i n t e r -  

T h e  l o c a l  v e r t i c a l  
p a r a l l e l  t o  Zo and 

p o i n t i n g  from the  n a d i r  and located i n  t h e  o r b i t a l  p l ane  
LV 

yLv 

Z ) coord ina te  system i s  d e f i n e d  t o  a l l o w  
The Xvaw a x i s  and 

The (Xyawt 'yaw' yaw 
yaw a t t i t u d e  maneuvers of t h e  s p a c e c r a f t .  

L 

Y 

a nega t ive  r o t a t i o n  8 (about  Z ) f r o m  t h e  r e s p e c t i v e  X and 
YLv axes.  N o t e  t h a t  X 

a x i s .  Z 

a x i s  l i e  i n  t h e  p l ane  of XLv-YLv and are d i s p l a c e d  through 

i s  co inc iden t  w i t h  t h e  s p a c e c r a f t  Xsc 

Y a w  
LV LV 

Yaw 
i s  p a r a l l e l  t o  ZLv. I n  t h e  sun-referenced system 

i s  p a r a l l e l  t o  
Yaw 

Z s ) ,  Ys i s  p o i n t i n g  a t  t h e  sun and X 
S (xs, Yst 

xO 
zS completes t h e  r i g h t  hand system. 

The coord ina te  systems d i scussed  above are related 
through t h e  ang le s  6, q, 8, and a. The sun ang le ,  B ,  i s  t h e  
ang le  formed by t h e  o r b i t a l  system Yo a x i s  and t h e  Ys a x i s  of 
t h e  sun system, N o t e  t h a t  i n  t h i s  memorandum B i s  p o s i t i v e  when 
t h e  sub-so lar  p o i n t  i s  south  of t h e  s u b - o r b i t a l  noon p o i n t . *  
The p o s i t i o n  of t h e  s p a c e c r a f t  i n  t h e  o r b i t  i s  s p e c i f i e d  by t h e  
angle  TI, which i s  measured from o r b i t a l  noon and i n c r e a s e s  as 
t h e  vehicle p rogres ses  i n  i t s  o r b i t .  
between t h e  s p a c e c r a f t  r o l l  a x i s  and t h e  o r b i t  t angen t  (between 

i n e r t i a l  a t t i t u d e . * *  
a t t i t u d e  of t h e  s p a c e c r a f t .  It i s  de f ined  a s  t h e  angle  between 
t h e  ZLv a x i s  and t h e  Zsc  a x i s ,  measured p o s i t i v e  f o r  a p o s i t i v e  
r o t a t i o n  about  Xsc. 

s p a c e c r a f t  so la r  a r r a y s  and t h e  o r b i t a l  plane.  

The ang le  8 i s  t h e  ang le  

and XLv);  it i s  equa l  t o  TI when t h e  s p a c e c r a f t  i s  i n  a solar  xsc 
The angle  a i s  used t o  s p e c i f y  t h e  r o l l  

a i s  t h e  angle  between t h e  p l anes  of t h e  

*There are t w o  d e f i n i t i o n s  of t h e  p o l a r i t y  of t h e  sun ang le  
i n  use .  
of t h e  yS and Zs axes  (about  t h e  Xs a x i s )  through t h e  ang le  6 

t ransforms f r o m  t h e  sun re ferenced  c o o r d i n a t e s  t o  t h e  o r b i t a l  
coord ina te s .  

The d e f i n i t i o n  used here  a l lows  t h a t  a p o s i t i v e  r o t a t i o n  

**Note t h a t  t h e  s p a c e c r a f t  Xsc a x i s  i s  never  allowed o u t  of 
t h e  o r b i t a l  p lane .  T h i s  i s  because a l l  t h e  s p a c e c r a f t  a t t i t u d e s  
wi th  which w e  are concerned c o n s t r a i n  t h e  C l u s t e r  r o l l  a x i s  t o  
be i n  t h e  o r b i t a l  p lane .  
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The a c t i v e  area of t he  C l u s t e r  solar  a r r a y s  h a s  
been modeled as shown i n  F igures  3 and 4 .  Figure  3 g i v e s  t h e  
ver t ices  of each of t h e  panels  i n  s p a c e c r a f t  coo rd ina te s .  T h e  
p a n e l s  are l abe led  (e.g. ,  ATM1, S - I V B 2 ,  e tc . )  f o r  e a s e  of 
f u t u r e  r e f e r e n c e .  It  i s  obvious from F igure  3 t h a t  i n  a solar- 
i n e r t i a l  a t t i t u d e  mode ( - Z s c  p o i n t i n g  a t  t h e  sun)  a r e l a t i v e l y  
s m a l l  amount of shading of the  S I V B  pane l s  takes  p l ace .  F igu re  
4 views t h e  C l u s t e r  from the  +Xsc a x i s  ( i . e . ,  t h e  CSM e n d ) .  
The c e n t e r l i n e  of t h e  f a i r i n g  f o r  each wing of t h e  S I V B  s o l a r  
a r r a y  i s  d i s p l a c e d  e q u a l l y  from t h e  Xsc-Ysc p lane .  T h i s  l e a d s  

t o  an unequal displacement  of t h e  a c t i v e  s u r f a c e  of each solar 
a r r a y  wing f r o m  t h e  p l ane  of t h e  ATM a r r a y .  
each S I V B  wing and t h e  ATM a r r a y  i s  i n d i c a t e d  i n  F igu re  4 .  

The d i s t a n c e  between 

3 . 0  DETERMINATION OF SHADOW 

Shading of t h e  S I V B  p a n e l s  by a p o i n t  on the  ATM 
a r r a y  can be determined f o r  any a t t i t u d e  and p o s i t i o n  of t h e  
s p a c e c r a f t  i n  i t s  o r b i t  by p r o j e c t i n g  t h a t  p o i n t  a long  the  sun 
vector t o  t h e  p l anes  of t h e  SIVB panels .  I f  t h e  p r o j e c t e d  
p o i n t  l i es  w i t h i n  t h e  boundaries o f  e i ther  of t h e  AM so la r  a r r a y  
wings,  t hen  t h e  i n i t i a t i n g  p o i n t  on t h e  ATM a r r a y  does cast a 
shadow f o r  t h e  p a r t i c u l a r  values of B ,  q, 0 ,  and a considered.  
The probiem of determining S I v B  s o l a r  a r r a y  shadow, t h e n ,  
becomes p r i m a r i l y  t h a t  of o b t a i n i n g  an expres s ion  f o r  t h e  sun 
v e c t o r  i n  s p a c e c r a f t  coo rd ina te s  f o r  any s p a c e c r a f t  p o s i t i o n  
and a t t i t u d e  i n  i t s  o r b i t .  T h i s  exp res s ion  i s  obta ined  i n  t h e  
Appendix by s u c c e s s i v e l y  t ransforming  t h e  sun v e c t o r  from t h e  
sun-referenced system t o  the s p a c e c r a f t  system. The method used 
i n  p r o j e c t i n g  a p o i n t  on t h e  ATM a r r a y  t o  t h e  p l anes  of t h e  S I V B  
p a n e l s  and de termining  i t s  l o c a t i o n  r e l a t i v e  t o  t h e  p a n e l  bound- 
ar ies  i s  a l s o  o u t l i n e d .  

Each of t h e  ATM panels  i s  d iv ided  i n t o  sample areas 
twenty-one inches  on a s i d e ,  a s  i n d i c a t e d  i n  F igu re  3 .  This  
allows f o r  a t o t a l  of 275 sample areas i n  ATM pane l  1; ATM pane l s  
2 and 3 each con ta in  125 sample a r e a s .  Each sample area i s  less 
than  0 . 2 %  of t h e  t o t a l  a c t i v e  area of t h e  SIVB a r r a y .  The c e n t e r  
p o i n t  of each sample area i s  p r o j e c t e d  t o  t h e  p l ane  of each S I V B  
wing. I f  t h e  p r o j e c t e d  p o i n t  l ies  w i t h i n  t h e  boundaries  of t h e  
wing, t hen  an area of t h e  wing e q u a l  t o  t h e  a r e a  of  t h e  ATM 
sample i s  assumed t o  be.shaded.  The t o t a l  number of p r o j e c t e d  
p o i n t s  w i t h i n  t h e  boundaries  of each wing are counted and con- 
verted i n t o  shaded area as a percentage  of t o t a l  a r r a y  area. 
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4 . 0  DESCRIPTION OF COMPUTER PROGRAM 

Inpu t  in format ion  requi red  by t h e  program c o n s i s t s  
of a v a r i a b l e  called I C S M  and the  ang le s  B ,  8 ,  and a .  ICSM 
( i . e . ,  ICSM = "FIRST," ICSM = "LAST") s p e c i f i e s  whether the  CSM 
i s  f l y i n g  f i r s t  or  l a s t  as t h e  C l u s t e r  traverses i t s  o r b i t .  
T h i s  i s  important  s i n c e  i n  t h e  earth r e sources  mode, it deter- 
mines t h e  p o r t i o n  of t h e  o r b i t  du r ing  which shading occurs .  
The ang le s  B ,  e, and a are inpu t  as p o s i t i v e  or n e g a t i v e  degrees, 
n o t  r ad ians .  T h e  o r b i t a l  p o s i t i o n  angle ,  0 ,  is  inc reased  by a 
selected increment (e.g.  one degree) w i t h i n  t h e  program, and 
o u t p u t  in format ion  i s  p r i n t e d  a t  each increment of q. The 
percentage  area of each S I V B  wing shaded by each ATM pane l ,  t h e  
t o t a l  p e r c e n t  shaded area of each wing, and t h e  average p e r c e n t  
shaded area of both  wings are provided as ou tpu t .  

5 .0  DISCUSSION/RESULTS 

Shadowing data have been obta ined  fo r  v a r i o u s  sun 
a n g l e s  fo r  t h e  case when t h e  p lanes  of t h e  S I V B  and ATM solar 
a r r a y s  are pe rpend icu la r  t o  t h e  o r b i t a l  p lane  ( a = 9 O 0 ) .  The 
ang le ,  e, between t h e  s p a c e c r a f t  r o l l  a x i s  and the  o r b i t a l  
t angen t  w a s  taken t o  equa l  zero f o r  these c a l c u l a t i o n s .  T h i s  
corresponds t o  t h e  e a r t h  resources a t t i t u d e  mode of the  AAP 
C l u s t e r .  The data  p l o t t e d  i n  Figures 5 and 6 d i s p l a y  t h e  r a t i o  
of unshaded area t o  t o t a l  a r e a  of t h e  S I V B  solar a r r a y  as a 
f u n c t i o n  of o r b i t a l  p o s i t i o n .  F igu res  5 and 6 both show d a t a  
for  t h e  case when t h e  CSM i s  f l y i n g  l a s t :  F igu re  5 i s  f o r  
p c s i t i v e  B ang les ,  and F igu re  6 i s  fo r  nega t ive  B angles .  D a t a  
f o r  t h e  case when t h e  CSM i s  f l y i n g  f irst  may also be ob ta ined  
from F igures  5 and 6. I n  t h i s  case, s i g n  i n v e r s i o n s  are r e q u i r e d  ' 

for  17 and B .  Thus 

where S i s  any shadowing func t ion  i n  F igu res  5 o r  6. For 
example, i f  t h e  s i g n  of n is reve r sed ,  t h e  d a t a  of  F igu re  5 
app ly  e q u a l l y  w e l l  t o  t h e  case  when t h e  CSM i s  f l y i n g  f i r s t  and 
t h e  sun angles  are negat ive .  

Notice t h a t  there i s  no r e a d i l y  p r e d i c t a b l e  o r  
c o n s i s t e n t  v a r i a t i o n  of shaded area as a func t ion  of sun angle .  
This  r e s u l t s  f r o m  t h e  geometry of t h e  s i t u a t i o n .  The c ruc i form 
p a t t e r n  of t h e  ATM a r r a y  r e s u l t s  i n  s e q u e n t i a l  shading  of t h e  
S I V B  a r r a y  by t h e  ATM pane l s  as t h e  s p a c e c r a f t  changes i t s  
p o s i t i o n  i n  o rb i t .  The unequal displacements  of t h e  t w o  SIVB 
wings from t h e  p l ane  of t h e  ATM a r r a y  a l so  add t o  t h e  e f f e c t  of 
non-symmetrical shading p a t t e r n s .  
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Comparing Figure  5 and F igure  6 ,  n o t i c e  t h a t  t h e  
primary e f f e c t  of changing t h e  s i g n  of 8 i s  t o  va ry  t h e  p o s i t i o n  
i n  t h e  o r b i t  a t  which worst  case  shading occurs .  This  s h i f t  i n  
rl r e s u l t s  from t h e  unequal displacements  of t h e  S I V B  solar  
a r r a y  wings from t h e  p lane  of t h e  ATM a r r a y .  I f  both S I V B  
wings w e r e  l oca t ed  i n  t h e  same X 

t h e  data  t o  be symmetrical with r e s p e c t  t o  8 .  I n  g e n e r a l ,  
shading  of t h e  S I V B  a r r a y  gets worse as t h e  sun angle  gets  
smaller. Worst case shading occur s  a t  an Q between 40° and 50° 
when t h e  sun ang le  is  equa l  t o  zero.  Approximately 30% of t h e  
t o t a l  area of t h e  S I V B  a r r a y  is  shaded a t  these o r b i t a l  pos i -  

-Ysc p l a n e ,  w e  would expec t  sc 

t i o n s .  

1022-JJS-Cf J. J. Sakolosky 

Attachment 
Appendix 
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APPENDIX 

The sun vector may be represented by the column 
vector CO, 1, 0) in sun coordinates. (Refer to the sun oriented 
coordinate system in Figure 2 . )  We would like to express this 
vector in spacecraft coordinates for any position and attitude 
of the spacecraft in its orbit, i.e. for any B ,  q, e, and a as 
shown in Figure 2 .  This may be accomplished by subjecting the 
sun vector to successive coordinate transformations through B 
(into the orbital coordinate system), q (into the local vertical 
coordinate system), 8 (into the yaw coordinate system), and a 
(into the spacecraft coordinate system). 

Transformation of the sun vector into the orbital 
coordinate system is accomplished by the transformation matrix, 

xs * 

xS 
B 

= T  

The resulting vector expressed in orbital coordinates may be 
expressed in local vertical coordinates through use of the 

transformation matrix. T zo 
r) 

zO [ :] = * T I  

cosq sinq '::I zO 
*The superscript denotes the axis of rotation; the subscript 

denotes the angle of rotation. 
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W e  may then  r e l a t e  t h e  l o c a l  v e r t i c a l  c o o r d i n a t e  system t o  t h e  
yaw coord ina te  system by a nega t ive  r o t a t i o n  through t h e  angle  e 
and about  the ZLv a x i s .  

case - s i n e  0 

s i n e  cose 0 

0 0 1 

xLv 

yLv 

zLv . .  
Note t h a t  t h e  two t r ans fo rma t ions ,  Tn zO t h e  
o r b i t a l  system t o  t h e  yaw coord ina te  system have t h e  n e t  e f f e c t  
of a s i n g l e  r o t a t i o n  through t h e  angle  ( 0 - 8 )  about  Z * 

0. 

The yaw coord ina te  system can  now be r e l a t e d  t o  the s p a c e c r a f t  
c o o r d i n a t e  system by a r o t a t i o n  through t h e  ang le  a about  t h e  
X a x i s .  

Yaw 

1 0 0 

0 Cosa 

0 - s i n a  cosa 

*Note t h d t  c i s  shorthand n o t a t i o n  f o r  cos; s i s  shorthand 
n o t a t i o n  f o r  s i n .  
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Thus t h e  i n i t i a l  vector i n  sun coord ina te s  may be expressed  
i n  s p a c e c r a f t  coo rd ina te s  by t h e  fo l lowing  series of t ransforma- 
t i o n s .  

zLv xS 
X 

= T yaw 
a -e n 

xS 

y S  

zS - .  

Performing t h e  i n d i c a t e d  mat r ix  m u l t i p l i c a t i o n  r e s u l t s  i n  t h e  
fol lowing.  

Therefore ,  fo r  any p o s i t i o n  and a t t i t u d e  of t h e  s p a c e c r a f t  i n  
i t s  o r b i t  t h e  sun v e c t o r  may be r e p r e s e n t e d  i n  s p a c e c r a f t  coordi-  
n a t e s  by t h e  fo l lowing  vec to r .  

The nega t ive  of the  above vector ( ca l l  it s) provides  
the  l i n e  of s i g h t  f r o m  t h e  sun through a p o i n t  (Xsc, Ysc, Zsc)  

on t h e  ATM a r r a y .  
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Any p o i n t  on t h e  ATM array may be  p r o j e c t e d  a long  t h i s  v e c t o r  t o  
t h e  p l ane  of t h e  S I V B  a r r a y  by m u l t i p l y i n g  t h e  v e c t o r  by a number, 
N ,  such t h a t  

N[sac(n-B)cB + casB1 = H 

where sac(q-8)cB + cas6 i s  the  z d i r e c t i o n  c o s i n e  and H i s  t h e  
d i s t a n c e  ( p a r a l l e l  t o  the  Zsc a x i s )  between t h e  p lane  of t h e  ATM 

a r r a y  and t h e  p l ane  of t h e  S I V B  a r r a y .  Then 

i s  a v e c t o r ,  p a r a l l e l  t o  the  sun v e c t o r ,  o r i g i n a t i n g  a t  a p o i n t  
on t h e  ATM s o l a r  a r r a y  and t e rmina t ing  a t  a p o i n t  i n  t h e  p l ane  of 
t h e  S I V B  s o l a r  a r r a y .  

The t e rmina t ion  p o i n t  i n  t he  p l ane  of t h e  S I V B  a r r a y  has  t h e  
fo l lowing  X-Y coord ina te s .  

(xsc + 

T h i s  p o i n t  may then  be checked t o  de te rmine  i f  it l ies  w i t h i n  
t h e  boundaries  of t he  S I V B  a r r a y .  
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The p a s s i v e l y  cont ro l led  ATM Charger/Bat tery/  

Regula tor  Modules (CBRM's )  a r e  shadowed i n  t h e  so la r  

i n e r t i a l  a t t i t u d e .  I n  t h e  XIOP/ZLV a t t i t u d e ,  needed f o r  

e a r t h  r e s o u r c e s  experiments ,  some CBRM's are exposed t o  

d i rec t  s o l a r  h e a t i n g ,  and the  c r i t i c a l  b a t t e r y  cel ls  h e a t  

up. Five s o l a r  i n e r t i a l  t o  XIOP/ZLV miss ions  w e r e  ana lyzed  

t o  de termine  t r a n s i e n t  cel l  t empera tu res .  W i t h  a f u l l y  

degraded the rma l  c o n t r o l  coa t ing ,  f3 - < 60°, and a 2 0 0  w a t t  

o p e r a t i n g  level ,  a t  l eas t  1 s u n l i t  p a s s  can b e  completed. 

With a p a r t i a l l y  degraded coating- o r  lower o p e r a t i n g  

l eve l ,  2 or more consecut ive  p a s s e s  can be completed. 
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I .  INTRODUCTION 

DATE: March 2 7 ,  1970 

FROM: J. E.  Waldo 
D. P.  Woodard 
G. M. Yanizeski 

T h e  Skylab Apollo Telescope Mount (ATM) i s  des igned  
t o  o p e r a t e  i n  t h e  thermal environment imposed by a solar 
i n e r t i a l  a t t i t u d e .  I n  t h e  proposed XIOP/ZLv a t t i t u d e  f o r  
earth r e sources  v a r i o u s  p a s s i v e l y  c o n t r o l l e d  elements  are 
exposed t o  space thermal environments t h a t  may be unsu i t ed  
f o r  t h e i r  p a r t i c u l a r  thermal  characterist ics.  Of these 
e lements ,  t h e  ATM Charger/Battery/Regulator Modules (CBRM' s )  
are c r i t i ca l .  

The CBRM b a t t e r y  cel ls  r e q u i r e  r e l a t i v e l y  t i g h t  
tempera ture  c o n t r o l  t o  i n s u r e  adequate  ce l l  l i f e .  This  i s  
accomplished by the p a s s i v e  r e j e c t i o n  of e l e c t r i c a l l y  genera ted  
w a s t e  heat.  I n  t h e  s o l a r  i n e r t i a l  a t t i t u d e ,  t h e  ATM shadow s h i e l d  
shades the CBRM's and accep tab le  ce l l  tempera tures  are maintained. 
H o w e v e r ,  i n  t h e  XIOP/ZLV a t t i t u d e ,  d i rect  so l a r  h e a t i n g  may i n c r e a s e  
c e l l  tempera tures  s i g n i f i c a n t l y .  

T h e  r e s u l t s  and conclus ions  of t h i s  thermal s tudy  
and other  p a r a l l e l  s t u d i e s  conducted a t  t h e  s a m e  t i m e  w e r e  p resented  
t o  t h e  Skylab Program Di rec to r  and t o  t h e  program o f f i c e s  a t  MSC 
and 

11. 

MSFC by D.  R. -Hagner/MLS. 

BACKGROUND 

The Charger/Battery/Regulator Modules accep t  
e lectr ical  power f r o m  t h e  ATM S o l a r  a r r a y s  du r ing  t h e  i l l u -  
minated p o r t i o n  of  t h e  o rb i t  and supply power t o  t h e  ATM bus 
d u r i n g  t h e  e n t i r e  o r b i t .  T h e r e  i s  a t o t a l  of 1 8  CBRM's, 
each  c o n s i s t i n g  of 24  n i c k e l  cadmium b a t t e r y  cells ,  a series 
of 15 p r i n t e d  c i r c u i t  boards,  and v a r i o u s  e l e c t r o n i c s  mounted 
i n  a r e l a t i v e l y  heavy aluminum housing. Each CBRM weighs 
1 1 0  l b s  w i t h  t h e  b a t t e r i e s  (approximately 50 l b s )  and t h e  
hous ing  (approximately 25 l b s )  comprising t h e  m a j o r i t y  o f  
t h i s  t o t a l .  Figure 1, i l l u s t r a t e s  t h e  assembly of t h e s e  
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components f o r  an ear l ier  conf igu ra t ion .  T h e  c u r r e n t  con- 
f i g u r a t i o n  i s  very s i m i l a r  except  i t  i s  s l i g h t l y  l a r g e r  
(23.05" x 1 6 . 6 "  x 5 . 9 4 " ) ,  and t h e  connect ing leads pass  
through t h e  base i n s t e a d  of t h e  sides.  

A. Mounted Locat ion 

The CBRM's are mounted t o  t h e  ATM rack shear p a n e l s  
i n  3 a r r a y s  of 6 modules each. 
t h e  a r r a y s  are located ad jacen t  t o  t h e  3 c o n t r o l  moment gyros.  
The a r r a y  i n  t h e  -Y d i r e c t i o n  (Skylab coord ina te )  i s  r a d i a n t l y  
i l l u m i n a t e d  by t h e  CSM, which i s  a x i a l l y  docked t o  t h e  MDA. 
All three a r r a y s  are r a d i a n t l y  i l l u m i n a t e d  by t h e  ATM so l a r  
a r r a y s  and shadowed by t h e  ATM s o l a r  s h i e l d  w h i l e  i n  t h e  
s o l a r  i n e r t i a l  a t t i t u d e .  However, i n  t h e  XIOP/ZLV a t t i t u d e ,  
s u b s t a n t i a l  d i rec t  s o l a r  hea t ing  can occur .  

A s  i n d i c a t e d  i n  F igure  2 ,  

The d e t a i l s  of t h e  c u r r e n t ' a r r a y  c o n f i g u r a t i o n s  are 
i n d i c a t e d  i n  Figure 3 .  Although n o t  shown, t h e  CBRM's cover  
almost t h e  e n t i r e  shear panel except  f o r  a 3 inch  s t r i p  
exposed a t  t h e  t o p  and bottom. Each CBRM has s i x  fee t ,which  
a r e  bo l ted  d i r e c t l y  t o  t h e  shear  pane l .  

B. Thermal Characteristics 

The e l e c t r o n i c s ,  t h e  p r i n t e d  c i r c u i t  boards,  and 
t h e  b a t t e r y  cel ls  are mounted on t h e  aluminum housing t o  
remove by conduction t h e  waste heat genera ted  i n  t h e s e  com- 
ponents .  P a r t  of  the heat is radiated d i r e c t l y  t o  space  by 
t h e  exposed s u r f a c e  of t h e  CBRM housing, and t h e  remainder 
i s  conducted t o  t h e  s h e a r  panel  and t h e n  rejected through 
a complex p a t t e r n  of r a d i a t i o n  and conduction through t h e  
ATM rack s t r u c t u r e  and t h e  ATM c a n n i s t e r .  

U l t ima te ly ,  CBRM thermal  c o n t r o l  depends on t h e  
r a d i a t i o n  of w a s t e  heat t o  space. Most of t h e  ATM rack  and 
i t s  components are coa ted  w i t h  S13-G thermal  c o n t r o l  p a i n t  
which i s  w e l l  s u i t e d  f o r  r e j e c t i n g  h e a t  i n  t h e  so la r  i n e r t i a l  
environment. T h i s  c o a t i n g  h a s  a h igh  s tab le  emi t tance  ( ~ = . 9 )  
and a l o w  i n i t i a l  solar absorptance ( a = . 2 ) .  Although t h e  
absorp tance  i s  s u s c e p t a b l e  t o  u l t r a v i o l e t  degrada t ion ,  t h i s  
deg rada t ion  i s  n o t  a n  important  fac tor  i n  t h e  solar  i n e r t i a l  
a t t i t u d e  because the ATM s o l a r  sh ie ld  p reven t s  d i r e c t  solar  
hea t ing .  However, i n  t h e  XIOP/ZLV a t t i t u d e ,  s u b s t a n t i a l  d i r ec t  
so l a r  h e a t i n g  can occur  and absorp tance  degrada t ion  i s  a con- 
s i d e r a t i o n .  Although u l t r a v i o l e t  degrada t ion  should be 

i n s i g n i f i c a n t  based on ear l ier  f l i g h t  d a t a  3 , MSFC i s  assuming 
a f u l l y  degraded coa t ing  ( a = . 5 )  because of Skylab contaminat ion 
e f fec ts .  
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C. CBRM Temperature Limits 

Of the CBRM components, the battery cells are 
definitely the most sensitive to temperature. 
temperature range is 32OF to 86OF, while a 41°F to 68OF is 
preferred. However, recent MSFC ASTR data indicate that 
cell temperatures up to 105OF can be tolerated for up to 2 

The specified 

hours 

111. 

study 
to an 
study 
under 

a total of 15 times. 

THE ANALYSIS 

A. CBRM Configuration 

The current CBRM configuration is used for this 
and changes to the CBRM and ATM that might be beneficial 
XIOP/ZLV attitude are not considered. Therefore, this 
analyzes the adequacy of the existing, unmodified system 
various modeling assumptions described later in this 

section. 

B. Sperry 430 Node Model of the CBRM 

A 430 node CINDA* computer model' developed by the 
Sperry Rand Corporation for S&E-ASTR-MA is used in the analysis. 
This model was originally developed as a design tool to compute 
heat transfer and temperatures in the electronics and printed 
circuit boards. Consequently, the modeling detail generally 
expected in a 430 node model of this type is not reflected in 
and around the battery cells. However, the model is adequate 
in this study for battery cell thermal analysis in light of 
other uncertainties to be discussed. 

C. Battery Heat Dissipation 

Electrical waste heat Profiles are important, but 
difficult to estimate. 
particularly difficult to determine, being an intricate, ill 

Battery baste heat dissipation. is 

defined function of charge level, charge rate, and operating 
history. 
battery cells generate most of their waste heat while dis- 
charging, which occurs primarily during the cool earth 
shadowed portion of the orbit in the solar inertial mission. 
However, overcharging at the end of the sunlit portion of the 

Calorimetry data2 indicates that nickel cadmium 

*CINDA - "Chrysler Improved Numerical Difference Analyzer" 
is a general purpose thermal analyzer program that has been in 
general use by the Department 1022 Thermal Systems Group. It 
was developed at Chrysler for NASA. 
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ntial peak in waste heat dissipa-ion. 
Because of these uncertainties, the Sperry analysis simply 
uses a consta.it 20 watt heat dissipation rate for the 200 
watt and 250 watt operating levels. 

Recent tests indicate that present cell efficiency 
is better than expected; new, more efficient cells that guard 
against overcharge are likely to be flown. Therefore, 1 6  watt 
and 12 watt heat dissipation rates for the 200 watt and 1 5 0  
watt operating levels were chosen as more reasonable in the 
Bellcomm analysis. Transient heat dissipation was not used 
because of the above uncertainties and because cell charge/ 
discharge profiles had not been determined for the XIOP/ZLV 
missions at the time of the analysis. 

D. Incident Thermal Radiation 

The CBRM aluminum housing absorbs incident thermal 
radiation from the sun, the earth, and surrounding cluster 
surfaces. The calculation of these absorbed heats involved 
the combination of output from three complex computer programs: 

1. "FLUX," developed at the Goddard Space 
Flight Center, is used to calculate 
incident solar, earth re f ieu ied  s o k r ,  
and earth-emitted thermal radiation. 

2. "SHADE," also developed at the Goddard 
Space Flight Center, is used to cal- 
culate the solar shadowing of the 
housing front surface by other cluster 
elements. 

3 .  "CONFAC:' developed at North American 
Rockwell, is used to calculate geometric 
viewfactors from the ATM Solar Arrays 
and the CSM to the CBRM front surfaces. 

The thermal inertia of the ATM solar arrays was 
introduced by using a simple one node model. 
was assumed to have zero thermal lag. CSM waste heat was 
ignored, and energy reflected from the CSM was assumed to 
be diffuse. The blockage of earth IR and albedo by cluster 
elements was ignored. In general, these simplifications and 
assumptions result in conservatively hot values. As a com- 
parison, for the solar inertial attitude, $=0°*  and a=.5 ,  ASTN 
calculated 52 .7  BTU orbit averaged absorbed energy on the 

housing front while the Bellcomm value is 56.0 

The CSM shell 

HR F T ~  
Table 1 BTU 

HR FT*' 

* $  as used here is positive, and the Y-axis CBRM's of interest 
are on the -Y side. There is a comparable case for negative $ and 
the +Y side. 
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87.5 

76.6 

47.9 

172.3 

84.2 

- 5 -  

TABLE 1. ORBIT AVERAGED ABSORBED INCIDENT HEAT: 

ATTITUDE 

SOLAR INERTIAL 
S = O  

xi opiz LL. 

p = 0  

XIOP/ZLV 
p=30 

x IOP/ZLV 
p = S O  

CBRM 
FACING AXIS 

+X 

+X 

-Y, +x 

-Y 

I 52.7 
(ASTN) 

-5 I I 56.0 

ATCELL FROM 
Sl ,P=O 

O°F 

+11.7 

+ 8.1 

- 3.8 

+32.3 

+70.5 
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l i s t s  t h e  o r b i t  averaged, i n c i d e n t  h e a t i n g  va lues  c a l c u l a t e d  
a t  Bellcomm. Figure 4 i l l u s t r a t e s  three t y p i c a l  i n s t an taneous  
o r b i t a l  h e a t i n g  p r o f i l e s .  

E.  Shear P a n e l  Temperatures 

Shear  pane l  thermal  behavior  i s  l i n k e d  i n t r i c a t e l y  
t o  t h e  e x t e r n a l  space  environment, t h e  ATM rack s t r u c t u r e ,  
t h e  r ack -cann i s t e r  enc losu re ,  and t h e  CBRM hea t  i n p u t .  (The 
Sper ry  CBRM model inc ludes  shear pane l  temperature  as an 
i n p u t  c o n s t a n t  which h a s  been  c a l c u l a t e d  by S&E-ASTN-PTE f r o m  
a model which i n c l u d e s  t h e  above f a c t o r s . )  

Temperature d i f f e r e n c e s  between t h e  B = O ' ,  s o l a r  
i n e r t i a l  case and t h e  XIOP/ZLV cases have been e s t ima ted  
us ing  an approximate model of t h e  panel .  The model i n c l u d e s  
t h e  e f fec ts  of the  space  environment, t h e  ATM rack and i n t e r i o r ,  
and t h e  CBRM h e a t  i n p u t  a s  cons t an t s .  The environmental  loads 
w e r e  based on p rev ious ly  desc r ibed  o r b i t a l  heat  c a l c u l a t i o n s  : 
heat i n p u t  from t h e  CBRM's was ob ta ined  from t h e  Sper ry  model: 
t h e  c a n n i s t e r  and ATM i n t e r i o r  temperature  w a s  assumed t o  be 
20°F as suggested by H.  F. Trucks/S&E-ASTN-PTE. For t h e  solar  
i n e r t i a l  environment, t h e  model shows t h a t  a 37.2'F area- 
weighted-average panel  temperature  r e s u l t s  when t h e  p a n e l  edges 
are maintained a t  35.6'F. For t h i s  case, only a s m a l l  p a r t  
(approxixndiely 10%) sf the  tstz,l h e s t  i n p t  tc t h e  panel leaves 
by conduction through the  edges t o  t h e  ATM rack s t r u c t u r e :  
i . e . ,  t h e  pane l  edges appear t o  be i s o l a t e d  from t h e  rack 
s t r u c t u r e .  T h i s  cond i t ion  i s  assumed t o  apply  f o r  the  X I O P /  
ZLV cases and i s  a conse rva t ive  assumption provided t h e  a d j a c e n t  
s h e a r  pane ls  are n o t  w a r m e r  t h a n  t h e  h o t  CBRM housing. 

Under these assumptions,  t h e  approximate a n a l y s i s  
shows no s i g n i f i c a n t  change i n  s t eady  s t a t e  shear pane l  temperature  
f r o m  S / I ,  B = O o ,  t o  XIOP/ZLV f o r  B = O 0  and 30'. A t  B=60° ,  X I O P / Z L V ,  
t h e  p a n e l  is  approximately 19OF w a r m e r .  The r e s u l t i n g  s t e a d y  
s ta te  c e l l  temperature  i s  increased approximately 10°F,  b u t  
t r a n s i e n t  c e l l  temperature  i n  t h e  f i r s t  XIOP/ZLV o r b i t  i s  n o t  a l t e r e d  
apprec i ab ly  by changes i n  t h e  shear panel .  I t  is  i m p r a c t i c a l  t o  
model t h e  pane l  a c c u r a t e l y  f o r  t h i s  s tudy:  consequent ly  a pane l  
tempera ture  of 37.2OF, a s  used i n  t h e  Sper ry  a n a l y s i s  fo r  t h e  h o t ,  
B=OO,solar i n e r t i a l  case, has been used fo r  a l l  c a l c u l a t i o n s .  

F. A t t i t u d e  P r o f i l e  

S e v e r a l  a t t i t u d e  c o n t r o l  schemes f o r  a c q u i r i n g  t h e  
XIOP/ZLV a t t i t u d e  are poss ib l e :  however, t h e  e f f o r t  r e q u i r e d  
t o  thermal ly  s imula t e  a l l  of them i s  n o t  warranted i n  l i g h t  of 
t h e  r e l a t i v e l y  long CBRM thermal  response t i m e .  Therefore ,  
t h e  fo l lowing  s i m p l i f i e d  a t t i t u d e  p r o f i l e  was devised:  t h e  
so la r  i n e r t i a l  a t t i t u d e  i s  flown f o r  fou r  o r b i t s  t o  e s t a b l i s h  
c y c l i c  temperature  p r o f i l e s  and then ,  a f t e r  i n s t a n t a n e o u s l y  



BELLCOMM, I N C .  - 7 -  

a c q u i r i n g  t h e  XIOP/ZLV a t t i t u d e ,  f o u r  o r  more a d d i t i o n a l  
o rb i t s  are flown. Each o r b i t  begins  and ends when l eav ing  
e a r t h  shadow s o  t h e  XIOP/ZLV a t t i t u d e  i s  a t t a i n e d  b e f o r e  
pas s ing  t h e  target area. 

G. Cases Analyzed 

Even wi th  t h e  s i m p l i f i e d  mission,  cons ide rab le  
e f f o r t  i s  r e q u i r e d  t o  calculate t h e  space  thermal  environment 
and cons ide rab le  computer t i m e  i s  r equ i r ed  t o  s i m u l a t e  CBRM 
thermal  response.  Therefore ,  only f i v e  cases w e r e  run  t o  
e s t a b l i s h  CBRM thermal  l i m i t a t i o n s  i n  t h e  e a r t h  r e sources  
mission.  These f i v e  cases ,  desc r ibed  i n  Table 2 ,  adequate ly  
cover t h e  e f f e c t s  of B angle ,  o p e r a t i n g  power l e v e l  P ,  and 
absorp tance  a, which are t h e  t h r e e  v a r i a b l e s  u l t i m a t e l y  con- 
t r o l l i n g  CBRM thermal  behavior.  

TABLE 2 

C a s e  1 - Panel  7 (+X a x i s ) ,  B =  O o ,  P=200 w a t t s ,  a=.5 
C a s e  2 - Panel  1 (-Y a x i s ) ,  B=6Oo, P=200 w a t t s ,  a=.5 
C a s e  3 - Panel  1 (-Y a x i s ) ,  8=60°, P=150 w a t t s ,  a=.5 
C a s e  4 - Panel  1 (-Y a x i s ) ,  B=60°, P=200 w a t t s ,  a=.2 
C a s e  5 - Pane l  1 (-Y a x i s ) ,  B=60°, P=122 w a t t s ,  a=.5 

I V .  RESULTS 

Case 1 r e p r e s e n t s  t h e  h o t t e s t  case 
range f o r  t h e  XIOP/ZLV a t t i t u d e .  Panel  7 i s  
l o c a t i o n  i n  t h i s  range, and it i s  h o t t e s t  a t  
t h e  f u l l y  degraded v a l u e ,  t h e  o r b i t  averaged 

* 

i n  t h e  O o < f 3 < 3 O 0  
t h e  h o t t e s t  CBRM 
B = O o .  With a=.5, 
absorbed h e a t  

r a t e  i s  87.5 BTU/HR FTL. I n  a d d i t i o n ,  an o p e r a t i n g  level  of 
200 w a t t s  i s  imposed, which i s  probably a h igher  v a l u e  than  
can be s u s t a i n e d  by t h e  s o l a r  a r r a y s  i n  an XIOP/ZLV a t t i t u d e .  
S i n c e ,  f o r  t h i s  h o t  case, t h e  c a l c u l a t e d  c e l l  temperature  as 
p l o t t e d  i n  F igure  5 does not r ise s i g n i f i c a n t l y  above t h e  86OF 
normal l i m i t  and rema ins  w e l l  below t h e  105OF maximum l i m i t ,  
no o t h e r  cases w e r e  s tud ied  f o r  0°<B<300. 

For  f3>3Oo, t h e  h o t t e s t  CBRM l o c a t i o n  i s  pane l  1 
i n s t e a d  of pane l  7. As B i n c r e a s e s  above 30°,  t h e  h e a t  
absorbed a t  pane l  1 i n c r e a s e s  r a p i d l y .  A t  B=60°, t h e  h i g h e s t  

ang le  cons idered ,  t h e  o r b i t  average ra te  i s  172.3 BTU/HR FT 
f o r  a=.5. This  i s  almost t w i c e  t h e  ra te  used i n  case 1. Thus, 
case 2 wi th  B=60°,  a=.5, and P = 200  w a t t s  r e p r e s e n t s  t h e  extreme 
h o t  case. This  i s  i n d i c a t e d  i n  F igure  6 which shows a r a p i d  
i n c r e a s e  i n  c e l l  temperature a f t e r  t h e  XIOP/ZLV a t t i t u d e  i s  
acqui red .  The s t r o n g  e f f e c t  of d i r e c t  s o l a r  hea t ing  i s  
ev iden t .  The number of s u n l i t  pa s ses  t h a t  can be completed under 
t h e s e  cond i t ions  i s  approximately 1 .6 .  

2 
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C a s e  3 i s  &-znt ica l  t o  case 2 except  a more 
r ea l i s t i c  o p e r a t i n g  level  of 150 w a t t s  i s  used. Again, as 
i n d i c a t e d  i n  F igure  6 ,  b a t t e r y  c e l l  temperature  i n c r e a s e s  
r a p i d l y  du r ing  so la r  exposure i n  t h e  XIOP/ZLV a t t i t u d e .  An 
e x t r a  XIOP/ZLV o r b i t  i s  pe rmis s ib l e  a t  t h i s  reduced power 
l e v e l  p r i m a r i l y  because of lower cel l  temperatures  i n  t h e  
so l a r  i n e r t i a l  p o r t i o n  of the mission.  The number of s u n l i t  
p a s s e s  t h a t  can be completed f o r  t h e s e  c o n d i t i o n s  i s  approxi- 
mately 2 . 6 .  

C a s e  4 i s  i d e n t i c a l  t o  case 2 e x c e p t  an undergraded 
absorp tance  ( a= .2 )  i s  used. This  has a marked e f f e c t .  The 

average h e a t  ra te  i s  reduced t o  only 84.2 BTU/HR FT 2 , o r  
approximately h a l f  t h e  rate used i n  case 2 .  A s  i n d i c a t e d  i n  
F igu re  6 ,  t h e  b a t t e r y  c e l l  temperature  f o r  case 4 does not  
exceed t h e  86'F s p e c i f i e d  l i m i t  a f t e r  5 s u n l i t  passes  i n  t h e  
XIoP/ZLV a t t i t u d e .  

A lower CBRM ope ra t ing  l e v e l  i s  of i n t e r e s t .  I n  
one of t h e  p a r a l l e l  s t u d i e s  i t  w a s  determined t h a t  t h e  ATM 
e lectr ical  power system i s  s u f f i c i e n t  f o r  t h r e e  success ive  
XIOP/ZLV pas ses  a t  a reduced average load  o f  2200  w a t t s ,  
B=60°. and a 70% b a t t e r y  depth of d i scha rge .  The e q u i v a l e n t  
CBRM o p e r a t i n g  l e v e l  i s  1 2 2  w a t t s  and t h e  corresponding t e m -  
p e r a t u r e s  are shown i n  Figure 6 ,  case 5. 

V. CONCLUSIONS 

CBRM b a t t e r y  cel l  tempera tures  are inc reased  
s i g n i f i c a n t l y  a t  h igh  8 angles  by d i r e c t  s o l a r  h e a t i n g  i n  
t h e  XIOP/ZLV ea r th -o r i en ted  a t t i t u d e .  S e v e r a l  f a c t o r s  
determine t h e  number of success ive  s u n l i t  pas ses  t h a t  can be 
completed i n  t h i s  a t t i t u d e  be fo re  r each ing  t h e  maximum a l lowable  
c e l l  temperature  of 105OF. For  t h e  cond i t ions  s t u d i e s ,  i . e . ,  
t h e  xIOp/ZLV a t t i t u d e  is  preceded by f o u r  o r b i t s  i n  t h e  s o l a r  
i n e r t i a l  a t t i t u d e  and t h e  shear p a n e l  temperature  i s  37.2'F, 
it w a s  found t h a t  t h e  number of s u c c e s s i v e  s u n l i t  pas ses  i s  
determined by f u r t h e r  cond i t ions ,  as fol lows:  

1. For an undegraded c o a t i n g  va lue  of a=.2, 
B<60° ,  and a CBRM o p e r a t i n g  level of  200 
w x t t s ,  a t  l e a s t  3 s u n l i t  pas ses  can be 
completed. 

2.  For  a degraded c o a t i n g  v a l u e  o f  a=.5, B < 6 0 ° ,  
and a CBRM opera t ing  l e v e l  of  1 2 2  w a t t s :  a t  
l eas t  3 s u n l i t  pas ses  can be completed. 

3. For a f u l l y  degraded c o a t i n g  va lue  of a=.5,  
B<60° ,  and a CBRM o p e r a t i n g  l e v e l  of 150 
wztts, a t  l e a s t  2 s u n l i t  pas ses  can be 
completed. 
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4. For a fully degraded coating value of 
cl=.5, B<60°, and a CBRM operating level 
of 200 watts, at least 1 sunlit pass 
can be completed. 

J.. E. Waldo 

A. R d 4 d  
D. P. Woodard 
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i 

ABSTRACT 

An accura t e  p r e d i c t i o n  o f  t h e  e lec t r ica l  power 

a v a i l a b l e  from t h e  s o l a r  a r r ay  of a s p a c e c r a f t  must cons ide r  

t h e  pane l  t ime-temperature p r o f i l e .  Solar a r r a y  t i m e -  

temperature  d a t a  are presented  f o r  three f l i g h t  a t t i t u d e s  

be ing  s t u d i e d  f o r  t h e  ear th  p o i n t i n g  experiments of t h e  

AAP-SWS 1 mission.  These a t t i t u d e s  are e a r t h  p o i n t i n g  f o r  

Llie iutsl "ch i t ;  sc:~,r i~~rt-~l f ~ r  tk.2 5;:~ + ~ ~ i ~ ~  c n r r m e n t c  
- -3- - - - -  -- 

of a s i n g l e  o r b i t  be fo re  and a f t e r  e a r t h  po in t ing ;  an e a r t h  

o r i e n t e d  a t t i t u d e  which maximizes t h e  a r r a y  power o u t p u t  

f o r  t h e  two mission segments of a s i n g l e  o r b i t  be fo re  and 

a f t e r  earth po in t ing .  
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I 
MEMORANDUM FOR FILE 

I. INTRODUCTION 

T o  make an a c c u r a t e  p r e d i c t i o n  of  e l e c t r i c a l  power 
a v a i l a b l e  from a s p a c e c r a f t ' s  s o l a r  a r r a y  t h e  temperature-  
t i m e  p r o f i l e  of t h e  panel  must be known. This  temperature  
p r o f i l e  w i l l  be a f u n c t i o n  o f  t h e  fol lowing parameters:  
m a t e r i a l s ,  p ropor t ions  and coa t ing  p r o p e r t i e s  of t h e  pane l ;  
o r b i t  c h a r a c t e r i s t i c s ;  pane l  a t t i t u d e ;  sun angle  i n c l i n a t i o n ;  
r e f l e c t i v e ,  r a d i a t i v e  and geometr ic  c h a r a c t e r i s t i c s  of o t h e r  
vehicle cm?ponents which shadow and/or e m i t  thermal f l u x  t o  
t h e  pane l .  

I f  t h e  earth po in t ing  a t t i t u d e  r equ i r ed  f o r  t h e  
e a r t h  r e sources  experiments of AAP-SWS 1 i s  maintained f o r  
t h e  tntal s i in l iqh t  p o r t i o n  of t h e  o r b i t ,  a major r educ t ion  
of solar  a r r a y  e lec t r ica l  power from dec reas ing  i n c i d e n t  
so la r  f l u x  w i l l  occur.  D i f f e r e n t  f l i g h t  p r o f i l e s  which 
i n c r e a s e  t h e  o r b i t  averaged e l e c t r i c a l  power ou tpu t  are 
under s tudy  f o r  t h e  e a r t h  po in t ing  experiments p o r t i o n  of 
t h e  miss ion .  These p r o f i l e s  cons ider  f l i g h t  a t t i t u d e s  o t h e r  
t han  e a r t h  p o i n t i n g  f o r  t h e  s u n l i g h t  p o r t i o n s  of a s i n g l e  
o r b i t  b e f o r e  and a f te r  t h e  e a r t h  p o i n t i n g  mission segment. 

Approximate s o l a r  a r r a y  temperatures  as f u n c t i o n s  
of  o r b i t a l  p o s i t i o n  have been obta ined  f o r  m i s s i o n s  i n  which 
the p a n e l  o r i e n t a t i o n  changes du r ing  a s i n g l e  o r b i t .  This  
a n a l y s i s  u ses  t h e  CINDA and GSFC Thermal Flux' Computer 
Programs. 

I n  Reference 2 OWS s o l a r  a r r a y  pane l  temperatures  
f o r  an i n e r t i a l  s p a c e c r a f t  a t t i t u d e  have been developed with- 
o u t  use  of  t h e  f l u x  program. 

11. EARTH RESOURCES EXPERIMENT S U N  CONSTRAINT 

The S-101 experiment sun i l l u m i n a t i o n  c o n s t r a i n t  i s  
some maximum angle  r e l a t i v e  t o  t h e  sun-ear th  l i n e .  The geometry 
of  t h i s  c o n s t r a i n t  may be v i s u a l i z e d  as a r i g h t  c i r c u l a r  cone 
of v e r t e x  angle  A whose a x i s  i s  t h e  sun-ear th  l i n e  wi th  t h e  
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v e r t e x  a t  t h e  e a r t h  c e n t e r .  For c i r c u l a r  o r b i t s  t h e  e x p e r i -  
ment p o i n t i n g  zone i s  t h a t  s p h e r i c a l  s u r f a c e  area conta ined  
w i t h i n  t h e  i n t e r s e c t i o n  of t h e  sun c o n s t r a i n t  cone and 
o r b i t a l  sphere .  I f  B i s  t h e  angle  between t h e  o r b i t a l  p l ane  
and sun- l ine ,  and rlsc i s  t h e  t o t a l  noon cen te red  angle  i n  
t h e  o r b i t a l  p lane  du r ing  w h i c h  t h e  experiment may o p e r a t e ,  
t h e  r e l a t i o n s h i p  between angles  i s  cos (A/2) = cosB cos (r lsc/2) .  

Maximum e a r t h  p o i n t i n g  t i m e  occurs  a t  8=0 ,  and t h e  l i m i t i n g  
case of z e r o  e a r t h  p o i n t i n g  t i m e  occurs  a t  1 B I = A/2. The 
sun c o n s t r a i n t  angle  used i n  t h i s  a n a l y s i s  i s  A = 1 2 0 " .  
Figure 1 shows t h e  e a r t h  po in t ing  t i m e  f o r  a 235 NM c i r c u l a r  
o r b i t  as a func t ion  of  B angle ,  

111. FLIGHT ATTITUDES 

The e a r t h  r e sources  experiment viewing a x i s ( z )  i s  
normal t o  t h e  SWS-axis (x )  and 180"  away from t h e  ATM-axis. 
During e a r t h  p o i n t i n g  t h e  v e h i c l e  i s  pos i t i oned  i n  t h e  o r b i t  
w i th  t h e  SWS-axis i n  t h e  o r b i t a l  p lane  and t h e  z-axis  i n  t h e  
d i r e c t i o n  of t h e  loca l  v e r t i c a l .  This  ear th  p o i n t i n g  a t t i t u d e  
i s  de f ined  X-IOP/Z-LV and i s  maintained f o r  f u l l  s u n l i g h t  
t r a v e l  d u r i n g  one of t h e  modes. I n  t h i s  a t t i t u d e  t h e  o r b i t  
averaged so la r  a r r a y  e l e c t r i c a l  power i s  reduced by t h e  
fo l lowing  e f f e c t s  as comparea wi tn  t h e  soiar iller iiiil ~ t t i k i i k  
( S I ) :  The cos ine  loss experienced f o r  p o s i t i o n s  away from 
o r b i t a l  noon; t h e  cosine loss experienced when I B / > O ;  t h e  
reduced s u n l i g h t  t r a v e l  t i m e  of t h e  pane ls  which i s  l i m i t e d  
t o  +90° f r o m  t h e  o r b i t a l  noon p o s i t i o n .  - 

The second f l i g h t  mode i s  S I  o u t s i d e  t h e  e a r t h  
p o i n t i n g  zone. The t r a n s i t i o n  pe r iod  between t h e  ear th  
p o i n t i n g  a t t i t u d e  and o t h e r  f l i g h t  a t t i t u d e s  i n  a s i n g l e  
o r b i t  i s  d i scussed  i n  S e c t i o n  I V .  

I n  t h e  t h i r d  f l i g h t  mode t h e  SWS s o l a r  a r r a y  pane l s  
are n o t  normal t o  t h e  o r b i t a l  p l ane  du r ing  t h e  t w o  segments 
of  a s i n g l e  o r b i t  be fo re  and a f t e r  ear th  po in t ing .  This  
optimum r o l l  (OR) a t t i t u d e  i s  l i k e  X-IOP/Z-LV excep t  t h a t  t h e  
so la r  a r r a y  p lane  i s  r o t a t e d  so t h a t  maximum o r b i t  averaged 
pane l  area normal t o  t h e  s o l a r  v e c t o r  occurs  o u t s i d e  t h e  e a r t h  
p o i n t i n g  zone. This  maximization i s  a consequence of t h e  
longe r  s u n l i g h t  angular  t r a v e l  ( > g o o  and < 2 7 0 ° )  wi th  canted  
a r r a y  pane l s  and I B I > O .  
noon p o s i t i o n s  of t h e  o r b i t a l  p l ane  below t h e  e c l i p t i c  p l ane ,  
t h e  corresponding a r r a y  plane optimum r o t a t i o n  d i r e c t i o n  i s  
about  t h e  minus X-axis cons ider ing  t h e  r i g h t  hand r o t a t i o n  
r u l e .  If 0 i s  t h e  angle  of t h e  a r r a y  p lane  r o t a t i o n  measured 
from the normal t o  t h e  o r b i t a l  p lane  and rl i s  the v e h i c l e  
p o s i t i o n  ang le  i n  t h e  o r b i t  measured from noon, t h e  ang le  
( y )  between t h e  a r r a y  p lane  normal v e c t o r  and t h e  solar  
v e c t o r  i s  obta ined  from 

If B i s  de f ined  as p o s i t i v e  f o r  
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O 0  

For B<sin-l[R/(R+h) I t h e r e  i s  some o r b i t a l  p o s i t i o n  angle  
( > g o o  and <180° measured from noon) a t  which t h e  pane l  w i l l  
either e n t e r  t h e  zone of t h e  e a r t h ' s  shadow ( n e s )  o r  w i l l  
be self shadowed (qSs). 

of t h e  p a n e l  w i l l  occur .  
where t h e  a r r a y  normal and s o l a r  p o i n t i n g  vectors are perpen- 
d i c u l a r .  These ang le s  are 

I f  B>sin-'[R/(R+h) ] no ear th  shadowing 
S e l f  shadowing begins  a t  t h e  p o s i t i o n  

- 

= cos -1 (- tanBtan$)** 
"SS 

where h and R are t h e  c i r c u l a r  o r b i t  a l t i t u d e  and ear th  r a d i u s .  

Optimum $ is  the r o l l  angle  about  t h e  X-axis which 

j cosAdq,where rl i s  t h e  minimum /" j 
maximizes the i n t e g r a l  

v a l u e  of e i t h e r  qeS o r  q s s .  

a f u n c t i o n  of B ang le  and may be a f u n c t i o n  of o r b i t a l  a l t i t u d e .  
For a 235 NM c i r c u l a r  o r b i t  t h e  fo l lowing  d a t a  are from a 
computer program developed by M r s .  P.R. Dowling: 

'lsc 
The optimum r o l l  angle  i s  thus  

0 
19.93 
46.13 
72.86 
80.73 
83.00 
80.10 

~ 

*This angle  i s  an ou tpu t  of t h e  f l u x  program 
**This angle  can be determined f r o m  t h e  f l u x  program t o  w i t h i n  

t h e  accuracy of the o r b i t a l  angular  increment  selected by observ ing  
t h e  p o s i t i o n  a t  which the d i r ec t  solar  f l u x  becomes zero.  
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I V .  TRANSITION FROM EARTH P O I N T I N G  TO OTHER FLIGHT ATTITUDE 

The S/C t r a n s i t i o n  i n  t h e  o r b i t a l  p l ane  from ear th  
p o i n t i n g  t o  e i ther  t h e  S I  o r  t h e  OR a t t i t u d e  w i l l  r e q u i r e  
RCS induced r o t a t i o n s  i n  some f i n i t e  t i m e .  
a t t i t u d e  r e q u i r e s  a r o t a t i o n  TI + 5 about  t h e  y - ax i s ,  where 
6 i s  t h e  o r b i t a l  angle  t r a v e l e d  du r ing  the maneuver execut ion  
t i m e .  A B ang le  r o t a t i o n  about the  SWS X-axis must a l s o  be 
performed dur ing  the t r a n s i t i o n  maneuver t o  t h e  S I  mode. A f t e r  
t h e  S I  p o s i t i o n  has been achieved an angular  v e l o c i t y  equa l  
t o  the o r b i t a l  angular  v e l o c i t y  must be impressed about  t h e  
S /C  y-axis  t o  main ta in  t h e  a t t i t u d e .  Achieving t h e  OR a t t i t u d e  
r e q u i r e s  only a vehicle r o l l  t h r u  an angle  4 about  t h e  X - ax i s .  
From electr ical  power cons ide ra t ions ,  t h e  t r a n s i t i o n  maneuver 
should be qu ick ly  executed for  maximum a r r a y  i l l u m i n a t i o n  t i m e ;  
b u t  for  minimum RCS p r o p e l l a n t  expend i tu re ,  t h e  maneuver should 
be as long  as p o s s i b l e .  

Achieving t h e  S I  

sc 

3otatiol-i absut the  y -axis t o  achieve the S I  a t t i t u d e  
f r o m  the earth p o i n t i n g  a t t i t u d e  du r ing  s u n l i g h t  o r b i t a l  t r a v e l  
must be a t  a ra te  greater t h a n  t h e  o r b i t a l  ra te  ( 0 . 0 6 4 4  deg/sec 
fo r  a 235 NM c i r c u l a r  o r b i t ) .  I f  i and o are t h e  r e s p e c t i v e  
o r b i t a l  and v e h i c l e  y - ax i s  t u rn ing  ra tes ,  the t i m e  e q u a l i t y  
t o  rotate  t h e  v e h i c l e  t o  t h e  S I  a t t i t u d e  i n  a t r a r i s i i i G f i  angle 
5 is  

Y 

( 5  + w / w y  

The t o t a l  ang le  vsi t h a t  the v e h i c l e  spends i n  t h e  S I  a t t i t u d e  
du r ing  an o r b i t  i s  

= 360-2 “si (Qes + %c + 

Figure  1 shows t h e  t i m e s  i n  t h e  S I  a t t i t u d e  as a func t ion  of 
B for d i f f e r e n t  vehicle y-axis r o t a t i o n a l  rates. 
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Although t h e  d e t a i l s  of t h e  e a r t h  p o i n t i n g  t o  
S I  t r a n s i t i o n  maneuver have not  been de f ined ,  it must be 
formulated cons ide r ing  both  the  l i m i t s  of  t h e  x and y a x i s  
v e h i c l e  r o t a t i o n a l  rates and the  B angle  e f f e c t s  t a b u l a t e d  
below. For a 235 NM c i r c u l a r  o r b i t  a l t i t u d e  and sun c o n s t r a i n t  
ang le  of 120 '  t h e  6 e f f e c t s  are 

B=O O I B 1=60° 

E a r t h  p o i n t i n g  angle  Maximum ( 120  ' ) Minimum (0') 

I l l umina ted  o r b i t a l  arc Minimum (221 .24 '  ) Maximum (269.54' ) 

T r a n s i t i o n  angle  f o r  y-axis  r o t .  Maximum* Minimum (0 ' )  

T r a n s i t i o n  angle  f o r  x-axis  r o t .  Minimum (0') Maximum (60') 

I f  the v e h i c l e  angular  velocit ies about  t h e  x and y axes are 
n o t  e q u a l  t h e  r e s p e c t i v e  t i m e s  t o  achieve  t h e  S I  a t t i t u d e  with 

-1 c0sA/2 r e s p e c t  t o  r o t a t i o n a l  axes areB/wx and cos ( cosB ) / h y - 4 ) .  

For t h e  numerical  a n a l y s i s  t h e  w and w angular  
X Y 

veloci t ies  w e r e  assumed t o  be capable  o f  a t t a i n i n g  t h e  S I  mode 
i n  a 30° t r a n s i t i o n  ang le  for B=20°, 40' and a 45' t r a n s i t i o n  
a n g l e  w a s  assumed f o r  B = O O ,  60'. 

V. SOLAR ARRAY THERMAL MODEL 

A s i n g l e  two s u r f a c e  node wi th  t h e  a p p r o p r i a t e  
a b s o r p t i v i t y  ( a )  and e m i s s i v i t y  ( E )  on each f a c e  w a s  used 
as t h e  so la r  a r r a y  thermal  model. The a r r a y  p l ane r  s u r f a c e s  
receive t i m e  vary ing  d i r e c t  s o l a r ,  e a r t h  r e f l e c t e d  solar ,  and 
e a r t h  emit ted I R  thermal  f luxes  as f u n c t i o n s  of  a l t i t u d e ,  
a t t i t u d e  and o r b i t a l  p o s i t i o n  r e l a t i v e  t o  t h e  sun. Deep 
s p a c e  i s  a boundry node a t  -460OF. N o  thermal  g r a d i e n t s  are 
assumed i n  t h e  a r r a y  ( i n f i n i t e  i s o t r o p i c  thermal  conduc t iv i ty )  . 
The energy ba lance  on t h e  a r r a y  panel  i s  as given by Equation 
(1) of Reference 2 and w i l l  not be r epea ted  he re .  Although a 
SWS geometry model ex i s t s  f o r  u s e  i n  t h e  GSFC shadowing program1, 
shadowing of the SWS a r r a y s  by o t h e r  workshop components w a s  
n o t  cons idered  i n  t h i s  s tudy.  N o  thermal  in te rchange  between 
r a d i a t i o n  r e f l e c t e d  and emit ted by v e h i c l e  components ad jacen t  
t o  t h e  a r r a y s  w a s  considered.  

*Dependent upon y-axis  v e h i c l e  r o t a t i o n a l  rate 
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Surface  c o a t i n g  p r o p e r t i  
of t h e  a r r a y  from Reference 2 a r e  

6 -  

s and phy i c a l  p r o p e r t i e s  

F ron t  s u r f a c e  a/€ = 0.7/0.8 

Back s u r f a c e  a/€ = 0.9/0.9 

Composite Mass Density = 1.527 l b / f t  2 

Composite S p e c i f i c  Heat = 0.2 Btu/ lb  - O F  

I n c i d e n t  thermal  f l u x e s  as func t ions  of o r b i t a l  
p o s i t i o n  f o r  a 235 NM c i rcu lar  o r b i t  and d i f f e r e n t  8 angles  
w e r e  ob ta ined  by use  of  the GSFC f l u x  program. 
w e r e  determined a t  15O o r b i t a l  increments  and a t  e n t r y  t o  
and e x i t  from tne e a r t h  shadow zone. i n  t h e  t r a n s i t i o n  zones 
from t h e  e a r t h  p o i n t i n g  t o  t h e  S I  and OR a t t i t u d e s  and vice 
v e r s a  l i n e a r  i n t e r p o l a t i o n  between t h e  f l u x  va lues  a t  t h e  
beginning  and end of t h e  t r a n s i t i o n  segment w a s  used. 

p o s i t i o n  f o r  t h e  e a r t h  po in t ing  a t t i t u d e  du r ing  t h e  complete 
o r b i t  a t  t h e  optimum ( O O )  and w o r s t  ( 6 0 " )  B angle  c o n d i t i o n s  
r e l a t ive  t o  a v a i l a b l e  earth p o i n t i n g  t i m e .  

T h e s e  f l u x e s  

F igure  i snows nrrdy a ixddy-s  Late tei i iper~tui-e \-a o r b i t  

Figure  3 shows t h e  a r r a y  temperatures  f o r  B angles  
of  O o  and 60" and i n c l u d e s  t h e  t r a n s i t i o n  s e c t i o n s  t o  t h e  S I  
a t t i t u d e  o u t s i d e  of t h e  e a r t h  p o i n t i n g  zone. F igure  3 a lso  
shows t h e  l i m i t i n g  upper temperature  curve f o r  t h i s  a l t i t u d e  
which occurs  a t  B=O with t h e  s o l a r  a r r a y  i n  t h e  S I  a t t i t u d e  
f o r  t h e  complete o r b i t .  Reduced da rks ide  t r a v e l  occurs  wi th  
i n c r e a s i n g  6.  
a lbedo and I R  f l u x e s  on t h e  pane l  back f ace .  F igure  4 shows 
t h e  e a r t h  pointing-OR a t t i t u d e  wi th  included t r a n s i t i o n  s e c t i o n s  
f o r  6 ang le s  of 2 0 °  and 60". F o r  B = O o  t h i s  a t t i t u d e  i s  i d e n t i c a l  
t o  e a r t h  p o i n t i n g  f o r  t h e  comple t e  o r b i t  (F igure  2 ) .  
The a n t i c i p a t e d  maximum and minimum time-temperature p r o f i l e s  
f o r  t h e  t h r e e  e a r t h  p o i n t i n g  modes considered are seen  i n  t h e  
e a r t h  point ing-SI  mode (Figure 3) and e a r t h  p o i n t i n g  mode 
( F i g u r e  4 ) .  These d a t a  w e r e  ob ta ined  by use  of t h e  C I N D A  
Program w i t h  an assumed i n i t i a l  so la r  a r r a y  temperature  of 
130°F a t  noon and a l l  examples show t h e  t h i r d  comp,lete o r b i t .  

The maximum temperature  occurs  a t  B=O from t h e  h i g h e r  



I 
I 

BELLCOMM, INC. - 7 -  

I n  a 235 NM c i r c u l a r  o r b i t  t h e  s p a c e c r a f t  i s  1 0 0 %  
i n  t h e  sun f o r  181>69.4O.  For l B l = 6 9 . 4 O ,  235 NM, and t h e  
SI mode f o r  t h e  complete o rb i t ,  t h e  a r r a y  temperature  p r o f i l e  
i s  approximately cons t an t  w i t h  a 135OF maximum occur ing  
s h o r t l y  a f t e r  o r b i t a l  noon. A minimum a r r a y  temperature  of 
125OF f o r  t h i s  case occurs  a f t e r  about  180° of o r b i t a l  t r a v e l  
from t h e  maximum p o s i t i o n .  For t h i s  high i n c l i n a t i o n  S I  case 
t h e  maximum a r r a y  temperature  i s  approximately 36OF below t h e  
maximum temperature  f o r  t h e  B=O S I  case. A lower maximum 
a r r a y  temperature  f o r  t h e  high B ang le  1 0 0 %  s u n l i g h t  o r b i t  
a s  compared w i t h  t h e  minimum s u n l i g h t  o r b i t  i s  caused by t h e  
reduced i n c i d e n t  a lbedo  and I R  thermal  f l u x e s .  

1 0  2 2 -JWP -me f 

Attachments 
References 
F igures  1 -4  

J. W. Powers 
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I 
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